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cluster tidal debris

Jeffrey R. Pier”

ABSTRACT

Using wide-field photometric data from the Sloan Digital Sky Survey (SDSS) we recently
showed that the Galactic globular cluster Palomar 5 is in the process of being tidally disrupted.
Its tidal tails were initially detected in a 2.5 degree wide band along the celestial equator. A new
analysis of SDSS data for a larger field now reveals that the tails of Pal5 have a much larger
spatial extent and can be traced over an arc of 10° on the sky, corresponding to a projected
length of 4 kpc at the distance of the cluster. The tail that trails behind the Galactic motion of
the cluster fades into the field at an angular distance of 6°5 from the cluster center but shows a
pronounced density maximum between 2° and 4° from the center. The leading tail of length 3°5
extends down to the border of the available field and thus presumably continues beyond it. The
projected width of these tails is small and almost constant (FWHM ~ 120 pc), which implies
that they form a dynamically cold and hence long-lived structure. The number of former cluster
stars found in the tails adds up to about 1.2 times the number of stars in the cluster, i.e. the
tails are more massive than the cluster in its present state. The radial profile of stellar surface
density in the tails follows approximately a power law 7 with —1.5 <~ < —1.2.

The stream of debris from Pal5 is significantly curved, which demonstrates its acceleration
by the Galactic potential. The stream sets tight constraints on the geometry of the cluster’s
Galactic orbit. We conclude that the cluster is presently near the apocenter but has repeatedly
undergone disk crossings in the inner part of the Galaxy leading to strong tidal shocks. Using
the spatial offset between the tails and the cluster’s orbit we estimate the mean drift rate of
the tidal debris and thus the mean mass loss rate of the cluster. Our results suggest that the
observed debris originates mostly from mass loss within the last 2 Gyrs. The cluster is likely to
be destroyed after the next disk crossing, which will happen in about 100 Myr. There is strong
evidence against the suggestion that Pal5 might be associated with the Sgr dwarf galaxy.

Subject headings: globular clusters: general - globular clusters: individual (Palomar 5) - Galaxy: halo
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Globular clusters are the oldest stellar systems
commonly found in the Milky Way, having typ-
ical ages of 12 to 15 Gyr. They thus represent
fossil relics from the early formation history of
the Galaxy. However, the globular clusters we see
today are probably not representative of the sys-
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tem of Galactic globular clusters at early stages.
They may in fact be the selected ’survivors’ of an
initially much more abundant population. Ana-
lytic estimates and numerical experiments predict
that on time scales of Gigayears globular clusters
undergo external and internal dynamical evolu-
tion, by which they may suffer a permanent loss
of members, and eventually dissolve.

One of the major factors governing the dynami-
cal evolution of those clusters is the Galactic tidal
field. The tidal field has two important effects:
(1) It creates drains through which stars are car-
ried away from the outer part of the cluster, and
hereby truncates the bound part of the cluster to
a certain spatial limit (von Hoerner 1957, King
1962). (2) It feeds energy into the cluster through
so-called tidal shocks, i.e., rapid variations of the
strength of the external forces which occur dur-
ing crossings of the Galactic disk or close passages
of the Galactic bulge (Ostriker, Spitzer, & Cheva-
lier 1972, Kundic & Ostriker 1995). Detailed sim-
ulations of globular cluster dynamics for a vari-
ety of masses and internal structures and differ-
ent types of orbits in different Galactic model po-
tentials have shown that tidal shocks accelerate
the dynamical evolution of globular clusters and
enhance their mass loss in such a way that 50%
or more of the present-day globulars will be de-
stroyed within the next Hubble time (Gnedin &
Ostriker 1997, including disk-shocks; Baumgardt
& Makino 2002, using a model without disk). Sim-
ilarly, it has been shown that the present sample
of globular clusters is most likely the remainder of
an initially much more numerous system of clus-
ters, many of which are meanwhile dissolved (Mu-
rali & Weinberg 1997, Fall & Zhang 2001). In this
way, the spatial distribution, kinematics, and mass
function of the globular cluster system may have
changed a lot. Also, the shape of the stellar mass
function of individual clusters may have changed
considerably since their formation because of pref-
erential depletion of low-mass stars as a result of
mass segregation (Baumgardt & Makino 2002).

Observations suggest that the Milky Way glob-
ular clusters are indeed spatially truncated by the
Galactic tidal field. Measurements of the radial
surface density profiles or surface brightness pro-
files of globular clusters (e.g., King et al. 1968;
Trager, King & Djorgovski 1995) showed that
many globulars have profiles that decline more

steeply than a power law and, by extrapolation,
suggest the existence of a finite boundary. Their
profiles are often well fit by King (1966) models,
which are of finite size. The estimated limiting
radii obtained by extrapolation with King models
were found to correlate with the clusters’ galacto-
centric distances, and the way in which they cor-
relate agrees to what would be expected for tidal
radii in a Galaxy with a flat rotation curve (Djor-
govski 1995). Nevertheless, a firm observational
proof for the predicted mass loss and dissolution
of globular clusters in the Galactic tidal field has
been missing until recently.

Using color-magnitude selected star counts,
Grillmair et al. (1995) measured the stellar surface
densities of a number of globular clusters to lower
levels and hence larger radii than earlier studies.
They then found that at very low levels (typi-
cally more than four orders of magnitude below
the central surface density) the observed profiles
frequently exceed the prediction from King mod-
els and extend beyond the limiting radius of these
models. Similar results were obtained by Lehmann
& Scholz (1997), Testa et al. (2000), Leon et al.
(2000), and Siegel et al. (2001). The observed
departures from King models are in some cases
associated with a break in the logarithmic slope
of the profile, which resembles the results of nu-
merical simulations of globular clusters, where a
break in the radial surface density profile marks
the transition between the bound part and the
unbound part of the cluster population (e.g., Oh
& Lin 1992, Johnston et al. 1999a). Hence, these
observations suggest that many clusters are sur-
rounded by weak haloes or tails of unbound stars
that might result from tidal stripping. On the
other hand, the two dimensional surface density
distributions obtained by Grillmair et al. (1995),
Testa et al. (2000), and Leon et al. (2000) did
not clearly confirm this suggestion and left doubts
about the reality of the observed structures be-
cause these were in most cases too complex and
diffuse to be unambiguously identifiable as tails
of tidal debris. In fact, contamination by galaxy
clustering in the background or by variable ex-
tinction across the field may have lead to spurious
detections of such tails. The latter was recently
demonstrated by Law et al. (2003) for the low-
latitude cluster w Cen.

Among the much bigger and more massive



dwarf spheroidal (dSph) satellites in the Milky
Way halo, there has been growing evidence that
at least the Sagittarius dSph, which is the nearest
of these systems, is subject to very substantial
mass loss and produces strong tails of tidal debris.
The stellar stream from this dSph has meanwhile
been detected around the whole celestial sphere
(see Majewski et al. 2003 and references therein).

Turning back to the globular clusters, deep
small-field studies with the Hubble Space Tele-
scope (HST) revealed that several of the Galac-
tic globulars have luminosity functions that are
unusually flat or even decreasing towards the
low-luminosity end (Piotto, Cool, & King 1997;
De Marchi et al. 1999; Piotto & Zoccali 1999;
Grillmair & Smith 2001). This deficiency in low-
mass stars could be an indication of tidal mass
loss (when combined with mass segregation in the
cluster) and has frequently been interpreted in
this sense. However this is not by itself a proof of
tidal mass loss because (1) the observations do not
necessarily represent the overall luminosity func-
tion of the cluster (spatial variations due to mass
segregation, either dynamical or primordial), and
(2) it might be possible that intrinsic differences
exist between the overall luminosity functions of
different clusters.

The evolution of a cluster depends on its inter-
nal parameters and its orbit. Ostriker & Gnedin
(1997) presented so-called ’vitality diagrams’ for
globular clusters in the parameter space of half-
mass radius, mass, and Galactocentric distance,
showing in which region of this space a cluster
should lie in order to survive more than 10 Gyr.
Clusters that do not lie in this region, and hence
are expected to dissolve due to disk- and bulge
shocks, are those with large half-mass radius and
low mass. An extreme example for such an ob-
ject is the sparse cluster Palomar5, which has a
mass of less than 10*M and a half mass radius of
about 20 pc. Since Pal5 is also one of the clusters
that were found to have an atypically flat lumi-
nosity function (Smith et al. 1986, Grillmair &
Smith 2001) it presents a particularly interesting
test case for tidally-induced mass loss.

The commissioning of the Sloan Digital Sky
Survey (SDSS; York et al. 2000) provided deep
multi-color CCD imaging in 2.5° wide stripe across
Pal5. This allowed a wide-field search for cluster
stars in the surroundings of Pal5 (Odenkirchen et

al. 2001a, hereafter Paper I). A previous investi-
gation of Palb using photographic plates (Leon et
al. 2000) had been compromised by severe prob-
lems with contamination from background galax-
ies. The SDSS observations, however, enabled ex-
cellent separation between stars and background
galaxies and an efficient selection of cluster stars
by color and magnitude. We found strong evi-
dence for two massive tails of tidal debris emerging
from Pal 5. These tails showed a well-defined char-
acteristic shape and were found to contain about
half as much mass as the cluster.

The detection of such tails with clearly identi-
fiable structure has two important aspects: (1) It
provides conclusive, direct proof for on-going tidal
mass loss in a globular cluster. (2) It reveals
unique information on the orbit of the cluster and
opens a very promising way for investigating the
gravitational potential in the Galactic halo (e.g.,
Murali & Dubinski 1999, Johnston et al. 1999b).
In the present paper we describe the analysis of
further SDSS data for a more than five times larger
field around Pal5, which have become available
since Paper I. The goal of this study is to trace the
tidal debris of Pal5 to larger distances from the
cluster in order to obtain a more complete census
of its mass loss and to constrain the basic prop-
erties of the distribution of the debris such as its
shape and density profile. As we will show, Pal5 is
the first globular cluster that exhibits fully-fledged
tidal tails with a total angular extent of 10° on the
sky.

In §2 we provide details about the observations
and the photometric data derived from them. §3
describes the methods used to analyse the data.
In §4 we present the resulting surface density dis-
tribution of cluster stars and describe the basic
features of the tidal tails. §5 deals with the deter-
mination of the cluster’s local orbit and its extrap-
olation to a global scale. In §6 we derive estimates
of the mass loss rate and the total mass loss of the
cluster. The results are discussed and summarized
in §7, and a brief outlook on future work is given
in §8.

2. Observations

The SDSS is a large deep CCD survey designed
to cover 10,000 square degrees of sky by imag-
ing in five optical passbands, and by spectroscopy.



The imaging data are obtained in great-circle drift
scans using a large mosaic camera on a dedicated
2.5m telescope at Apache Point Observatory, Ari-
zona. (For further information on the survey and
its technical details see York et al. 2000, Gunn et
al. 1998, Fukugita et al. 1996, Hogg et al. 2001,
Smith et al. 2002, and Pier et al. 2002).

The data that we use in this study stem from
the SDSS imaging runs 745, 752, 1458, 1478, 2190,
2327, 2334, and 2379, carried out between March
1999 and June 2001. The various strips of sky
scanned in these runs yield complete coverage of
a 6°5 to 8° wide zone along the equator in the
right ascension range from 224° to 236°. Hereby
we have multi-color photometry for Pal5 and its
surroundings in a contiguous, trapezium-shaped
field with an area of 87 square degrees. The ob-
servations reach down to an average magnitude
limit of about 23.0 mag in ¢* and 23.5 mag in
r* (approximate limits of 90% incompleteness).
Photometric and astrometric data reduction and
object classification were done by the standard
SDSS image processing pipeline (see Lupton et
al. 2001 and Pier et al. 2002 for different parts
of the pipeline). The photometry used here is
from before the public data release DR1 and hence
does not precisely match the final SDSS photomet-
ric system.® However, the preliminary photomet-
ric calibration of the data is spatially uniform to
about 3% (Stoughton et al. 2002). The lack of the
final calibration does not affect our study since
we use the photometry in a purely empirical and
differential way.

Our investigation is restricted to objects classi-
fied as unresolved sources (thus eliminating a large
number of background galaxies that would other-
wise contaminate the star counts) and uses ob-
ject magnitudes derived by point-spread function
(PSF) fitting. The median internal errors of the
magnitudes in ¢g*, r*, and ¢* are 0.015 mag or bet-
ter for stars brighter than 18.0 mag (in g¢*,r*,d*
respectively), rise to values between 0.023 and
0.035 mag at magnitude 20.0, and reach the level
of 0.10 to 0.17 mag at magnitude 22.0. We con-
firmed these errors by analysing repeated measure-
ments in overlapping scans. The median differ-
ences between magnitudes from independent ob-

8By convention, the magnitudes in the preliminary system
are quoted using asterisks.

servations are between 1.0x and 1.2x the median
internal errors, showing that the quoted median
errors provide reliable estimates of the photomet-
ric accuracy of these data.

According to the dust maps of Schlegel, Finkbei-
ner & Davis (1998) the southern and south-
eastern part of the field is affected by a con-
siderable amount of interstellar extinction while
in the northwestern part the extinction is much
lower. More specifically, the extinction in the
g band varies from 0.15 mag at the northern
edge to 0.75 mag at the southern edge of the
field. This corresponds to variations in the red-
dening of the color index g — ¢ in the range
0.07 < E(g—1) < 0.34. To remove these variations
from the observed magnitudes we applied individ-
ual extinction corrections derived from the local
E(B—V) reddening given by Schlegel, Finkbeiner
& Davis. The resulting dereddened magnitudes
should properly be named g etc., however, for
simplicity, we will suppress the index 0 here. Since
the reddening data from Schlegel et al. represent
the integrated extinction along the entire line of
sight, the magnitudes of stars that are in front
of the bulk of intervening material would in this
way become overcorrected. However this is un-
likely to happen for stars belonging to Pal5, which
are located more than 20 kpc from the sun and
seen far behind the northern part of the Galac-
tic bulge. Color-magnitude diagrams for different
parts of the field with different amounts of extinc-
tion show, that there is no sign of overcorrection
in the blue edge (main-sequence turn-off) of the
halo field star population. In the case of signifi-
cant overcorrection this edge would be inclined to
the blue with increasing brightness, which is not
observed.

Due to variations in the observing conditions
the completeness of object detection at faint mag-
nitudes is somewhat different from run to run.
This causes artificial inhomogeneities in the stel-
lar surface density of the faintest stars. In order to
avoid such effects it was necessary to cut the sam-
ple at ¢* = 21.8 mag. At the bright end we chose a
threshold of ¢* = 15.0 mag because brighter stars
risk to have saturated images and because none of
the giants in Pal5 is brighter than this limit. The
resulting data set contains about 940,000 point
sources.



3. Photometric object filtering

3.1. Unfiltered sample

The full set of SDSS point sources with mag-
nitudes in the range 15.0 < * < 21.8 has an
average surface density of 3.0 stars per arcmin?
and a large-scale surface density gradient of 0.13
stars per arcmin? per degree in the direction of de-
creasing galactic latitude. Figure 1 shows a map
of the stellar surface density derived by source
counts in pixels of 3’ x 3’. There are two strong
local density enhancements in this field, at posi-
tions (229°0,—0°1) and (229°6,42°1) in right as-
cension, declination (J2000). The first one repre-
sents the remote cluster Pal 5 while the second one
is due to the much closer and much richer globu-
lar M 5. The latter is not relevant for this paper,
except that one must avoid this region when inves-
tigating the properties of the general field around
Pal5. The peak surface density of cluster stars in
the center of Pal5 is 25.2 arcmin™2, i.e., 8.4x the
mean density of the surrounding field.

Figure 1 also reveals an arc of very weak over-
density extending northeast and southwest of
Pal5. The results that we will present in §4.1
confirm that these are rudimentary traces of ex-
tended debris from Pal5. This is remarkable since
it means that weak traces of the cluster’s debris
are visible even without any particular photomet-
ric filtering. However, the surface density of these
features is only on the level of 1o (rms of surface
density in individual pixels) above the local mean
surface density of the field.

In order to get detailed information on the dis-
tribution of stars from Pal 5 one needs to enhance
the contrast between the cluster and the field, in
particular the dominating Galactic foreground. To
first order, this can be achieved through simple
cuts in color and magnitude. A more efficient
variant of this method is to use an appropriately
shaped polygonal mask in color-magnitude (here-
after c-m) space. This approach was taken, e.g.,
by Grillmair et al. (1995), Leon et al. (2000), and
in Paper I in the context of globular clusters, and
also by Majewski et al. (2000) and Palma et al.
(2003) in the context of dwarf spheroidal (dSph)
galaxies. However, sharply defined cuts or win-
dows in c-m space do still not provide the opti-
mal method to map out the spatial distribution of
the stellar population of Pal5 because each star is

treated as either a definite member or a definite
non-member of the cluster population. This does
not completely exploit the available information.
Since the photometry actually allows us to derive
smoothly varying membership probabilities as a
function of color and magnitude one can optimize
the object filtering by using these probabilities.

3.2. Optimal contrast filtering

A straight-forward way to make comprehen-
sive use of the photometric information is to
construct empirical c-m density distribution tem-
plates fc(m,c), fr(m,c) for the cluster and the
field (m and ¢ denoting magnitude and color in-
dex), and to use these to determine the surface
density ¢ of the cluster population for each posi-
tion in the field by a weighted least-squares adjust-
ment. This kind of approach was, e.g., described
by Kuhn, Smith, & Hawley (1996) in a study of
the Carina dSph, and recently discussed in more
detail by Rockosi et al. (2002), who used it for
an analysis of a smaller SDSS data set on Pal5.
The adjustment is done such that the weighted
sum of field stars plus cluster stars yields the best
approximation of the observed total c-m distribu-
tion. In the present study we have applied this
method of optimal data filtering in the following
way:

Using the magnitudes g*, r*, and ¢* (which pro-
vide higher accuracies than u* and z*), we first
defined orthogonal color indices ¢; and ¢ as in
Paper I:

¢ = 0.907(g" —r*)+0.421(r" —4*) (la)
o = —0.421(g" —r*) +0.907(r* —i*) (1b)

The choice of the indices is such that the main
axis of the almost one-dimensional locus of Pal5
stars in the (g — r) versus (r — ) color-color plane
lies along the ci-axis while the ¢y axis is perpen-
dicular to it. We then preselected the sample in
¢z by discarding all objects with |c2| > 20, (%),
where o, (¢*) is the rms dispersion in ¢y for stars
of magnitude 7* in Palb. Stars with these co col-
ors are unlikely to be from the cluster. We also
preselected in ¢; by restricting the sample to the
range 0.0 < ¢; < 1.0 because one expects very few
stars of the cluster population outside this range.



Next we constructed c-m density diagrams
(Hess diagrams) for the cluster and the field by
sampling the stars that lie within 12’ from the cen-
ter of Palb (cluster diagram) and those that are
more than 1° away from the location of the stream
and outside M5 (field diagram) on a grid in the
plane of ¢; and ¢*. Bins of 0.01 magx 0.05mag
were used and the counts were smoothed with a
parabolic kernel of radius 3 pixels.” The cluster
c-m distribution was corrected for the presence
of field stars in the 12’ circle around the cluster
center by subtracting the field c-m distribution in
appropriate proportion. The resulting diagrams
of the normalized c-m densities fo, fr of cluster
stars and field stars are shown in Figures 2a and
2b. The cluster members are concentrated along
well-defined branches (giant branch, horizontal
branch, subgiant branch and main sequence) while
the field star distribution is more diffuse, showing
local maxima along c¢; ~ 0.4, which can be at-
tributed to the turn-off region of thick disk and
halo.'® By comparing the field star c-m distri-
bution in the region northwest of the cluster to
that in the region southeast of the cluster it ap-
pears that frp is not strictly constant over the
field. However, the differences are not dramatic
because the deviations from the mean distribu-
tion are mostly below 10%. Since a more local
estimate of fr can only be obtained at the cost of
higher noise or lower c-m resolution we preferred
to neglect the spatial variations and to work with
the mean distribution shown in Figure 2b.

In order to derive the surface density distribu-
tion of cluster stars on the sky one needs a mathe-
matical model that provides a link to the observed
distributions. The general ansatz for the stellar
density in the hyperspace spanned by the celes-
tial sphere and the c-m plane is a sum of densities
Sc and Sp for the cluster and the field (i.e., non-
cluster stars)

S(a,6,m,c) = Sc+ Sp (2a)

9In order to treat the bins at the borders of the c-m domain
in the same way as in the interior the grid counts were ac-
tually extended somewhat beyond the c-m limits specified
above.

10Note that a substantial fraction of field stars actually lies
at ¢; > 1.0 and was already eliminated by the preselection
in ¢ and c2

SC = Ec(a,(S)(I)c(m,C) (2b)
Sp = Xp(a,0)Pp(a,d,m,c) (2¢)

where each component can be split up into a
product of a surface density ¥ on the sphere and
a position-dependent normalized c-m density ®.
(a, 6 denote coordinates on the celestial sphere, m
and ¢ denote magnitude and color index.) For the
cluster component as a sample of stars of common
origin we assume that (1) it is everywhere com-
posed of the same mix of stellar types and that
(2) all stars are at practically the same distance
from the observer. This implies that ®¢ does in
fact not depend on position (a, d) (as in equation
2b). In contrast to this the field component is
an inhomogeneous sample, i.e., its composition by
stars of different types and its density distribution
along the line of sight are spatially variable, so
that &7 must in principle vary with position on
the sky (equation 2c).

Let j be an index labelling the pixels of a grid
in the c-m plane and k be an index labelling the
positions (ay,d;) of a grid on the sky, then the
number v(k, j) of stars lying in a solid angle Q
centered on (ay, §x) and with magnitude and color
falling on the pixel j of area P; is obtained by
integrating equation (2a) over Q and P}, i.e.

v(k,j) = wve(k)fe(i)+ve(k)frk,j) (3)
where

chp(k) = /QSCJ? dQ

foli) = [ e dmde

fF(kv.])

v (k) Qe P]‘

Although fr does in principle depend on po-
sition index k, this dependence is in our case not
important because we can assume that substantial
changes in the characteristics of the field popula-
tion occur only on larger scales and that hence
(as the observations show) fr is approximately
constant within the chosen field. ' The distri-

1 This assumption is of course violated at the location of the
foreground cluster M 5.



butions fc and fr in the model of equation (3)
can thus be represented by the above normalized
average c-m distributions that have been drawn
from the observations. ve(k) and vp(k) are the
numbers of cluster stars and field stars in g, the
former of them being the target of our analysis.
Apart from observational noise (and apart from
small deviations due to spatial variations in the c-
m distribution of the field stars, which the model
neglects), the left hand side of equation (3) should
correspond to the observed star counts n(k,j) in
Q x P;. Thus one can plug in n(k,j) for the
expected number v(k, j) in equation (3). Equa-
tion (3) then does not have an exact solution.
However, we can determine a least-squares solu-
tion for ve(k) by demanding that the square sum
of the noise-weighted deviations between the ob-
served number n(k, m) and the expected number
v(k, m) given by the right hand side of equation
(3), summed up over the c-m grid, is minimal.
Since the contribution of the cluster population
to the total counts is small (outside the cluster)
we assume the noise to be dominated by the field
stars, i.e., we expect 02 (k,m) = vp(k) fr(m). The
sum of weighted squares to be minimized thus is:

X2 (k) = (4)
3 (n(k,5) — ve(k) fo () — vr(k) fr ()
ve(k)fr(j)

J

It is straightforward to calculate (via dx?/dvc =
0) that the least-squares solution for v (k), which

we call nc(k), and its variance o7 (k) are:

.\ fe()
zj:n(k’J)fF(j) —np(k)

f20)
Z fr(j)

J

o2 (k)= np(k) / ) ﬁg; (5b)

ne(k) = (5a)

In principle, one could determine both no and
np (i.e., the best estimate for vr) in this way by
minimizing the x? of equation (4). However, for
vp we already know (or can safely assume) that it
must be a smoothly varying function of position

that can be described by a simple (polynomial)
model. Thus we preferred to use this constraint
to determine np externally (for practical details
see §4.1) and not in a simultaneous least-squares
adjustment with vc. This makes the solution for
Vo more robust.

Equation (5a) allows the following interpreta-
tion: One finds the least-squares solution nc (k)
by weighting each star in the solid angle ; by
the quotient w(j) = fo(4)/fr(j) according to its
position in the c-m plane, summing up the weights
of all stars, and dividing this sum by the factor
a = 3,(f&/fr). This yields the estimated num-
ber of cluster stars n¢ plus a term ng/a, i.e., the
estimated number of field stars attenuated by a.
By subtracting this residual field star contribu-
tion one obtains nc. Equation (5b) shows that
the variance of n¢ is reduced to 1/a times the
variance of the field star counts. In other words,
the noise in the determination of the surface den-
sity of cluster stars decreases by the factor +/a.
The weight function w = fo/fr is shown by the
contour plot in Figure 2c. We obtain an attenu-
ation factor @ = 5.1 and hence a noise reduction
of /a = 2.3 with respect to the unfiltered, but
preselected sample. In total, i.e., in comparison
with the full sample, the noise level is reduced by
a factor of 4.3.

4. The tidal stream

4.1. Surface density map

We constructed a map of the stellar surface den-
sity of Palb stars by applying the above method
of least squares estimation on a grid with pixels of
3’ x 3’ in the plane of the sky. The residual con-
tribution from field stars was determined by fit-
ting a bi-linear background model to the weighted
counts in those pixels that are at least 1° away
from the cluster and the tails, and also away from
M5. After pre-selection and weighting, the mean
surface density of the field stars is 0.16 arcmin =2
and the surface density gradient across the field
is about 5 x 1072 arcmin—2 per degree. By sub-
tracting the best-fit bi-linear background model
the density distribution in the field becomes es-
sentially flat. For further reduction of the noise
the counts were smoothed by weighted averaging
with a parabolic kernel of radius 4 pixels. In re-



gions with surface density above the 50 level we
used a kernel with a smaller radius to preserve
higher resolution. Figure 3 presents the resulting
surface density map as a grey scale and contour
plot in equatorial celestial coordinates (i.e., right
ascension and declination).

This map shows a striking coherent structure
that is spatially connected to the main body of
Pal 5 and has stellar surface densities varying from
1.50 up to 5o (~ 0.12 arcmin~2) and higher. The
geometry relative to the cluster clearly identifies
this structure as debris from Pal5. The debris
forms two long narrow tails on opposite sides of
the cluster and extends over an arc of about 10°.
This corresponds to a projected length of 4 kpc at
the distance of the cluster. The tails have a width
of about 0°7 in projection on the plane of the sky.
Apart from small scale variations the width of the
tails does not systematically change with angular
distance from the cluster. The northern tail, which
- as will be shown later in §5.2 - is trailing behind
the cluster, is traced out to an angular distance
of at least 5°8 from the center of the cluster, but
possibly out to 6°5, and appears slightly curved.
The maximum surface density of stars in this tail is
about 0.2 arcmin—2. It occurs at angular distances
between 2°2 and 3°7 from the cluster center and
was hence not covered by the initial detection of
the tails in Paper I.

The southern tail, which is the one that leads
the motion of the cluster (see §5.2), is seen over
3.6° and reaches down to the edge of the currently
available field. This suggests that the tail con-
tinues beyond this limit, as one would indeed ex-
pect when assuming approximate point symme-
try in the distribution of debris with respect to
the cluster. The southern tail exhibits density
maxima at angular distances of 1?6 and 3°5 from
the cluster center, which are, however, less pro-
nounced than in the northern (trailing) tail. The
transition between the cluster and the tails is not
straight. Instead we see a characteristic S-shape
in the distribution of stars, which closely resem-
bles the structures seen in simulations of disrupt-
ing globular clusters and satellites (e.g., Combes et
al. 1999, Johnston et al. 2002). This S-shape fea-
ture clearly indicates that the stars are stripped
from the outer part of the cluster by the Galac-
tic tidal field dragging them away in the direction
towards the Galactic center and anticenter.

Besides the two tails of Pal5 and a spurious
patch of high stellar density left over from the clus-
ter M 5, the map shows a number of small isolated
patches with densities on the level of 20 above
zero, which are dispersed over the field. These are
most likely not traces of the population of Palb
but the result of random fluctuations in the dis-
tribution of field stars. To test this we generated
random fields with the same mean density as the
observed residual field star density and sampled
these artificial fields in exactly the same way as
done with the observations. This Monte Carlo
experiment showed that random fields yield 20-
patches of the same size and with very similar
number densities as in Figure 3. As another sta-
tistical test we resampled the observations on a
grid of non-overlapping pixels with a size of 9’ x 9’
and determined the frequency distribution of pixel
counts in those regions that lie outside the clus-
ters M5 and Palb and the tails of Palb. This
distribution closely agrees with the expected Pois-
son distribution for a random field of the given
mean density (see similar tests of fluctuations de-
scribed in Odenkirchen et al. 2001b). Both tests
reveal that the isolated patches in the map of Fig-
ure 3 provide no evidence for further significant
local overdensities.

In order to estimate the fraction of stars in the
tails and in the cluster, we integrated the surface
density of Palb stars in a 42’ wide band cover-
ing the tails (2.3 times the FWHM of the tails,
see §6.1) and in a circle of radius 12’ around the
center of the cluster. A somewhat smaller radius
than the cluster’s limiting (or tidal) radius of 16’
(Odenkirchen et al. 2002, hereafter Paper II) was
used because the bound and unbound part of the
cluster overlap in projection on the sky and cannot
be strictly separated. We find that the number of
stars in the tails is about 1650 while the number
of stars in the cluster is about 1350. This yields a
number ratio between tails and cluster of § = 1.22.
The number of stars seen in the southern (leading)
tail is about half the number found in the northern
(trailing) tail (i.e., there are about 1100 stars in
the northern and about 550 stars in the southern
tail). To check these number ratios we also took
an alternative approach and performed integrated
number counts on a variety of samples defined by
different choices of cut-off lines in the c-m plane.
Hereby we obtained values for the ratio between



the number of stars in the tails and in the cluster
in the range from 1.18 to 1.31. It thus appears
that 8 = 1.25 4+ 0.06 is a robust estimate for the
observed field. Since the tails may easily extend
beyond the area currently covered by the SDSS,
the ’true’ ratio is likely to be higher. In any case,
we can safely conclude that the tails contain more
stellar mass than the cluster.

4.2. Density profile along the tail

Since the debris forms a long and relatively
thin structure, it makes sense to treat it as a
one-dimensional object and to characterize it by
its distribution of linear density. To determine
this linear density we modelled the central line of
each tidal tail by a sequence of short straight-line
segments (fitting by eye) and projected all stars
within 0°35 from the central line perpendicularly
onto it. We then performed weighted star counts
as described in equation (4a) in bins of the arc
length parameter A\ along the central line, using a
bin size of 0°25. The field star contribution was
determined using the bilinear background model
from Section 4.1, and was subtracted from the
counts. We thus obtained the density distribu-
tions shown in Figure 4 (statistical uncertainty of
the number counts indicated by error bars).

The density curve for the northern (trailing)
tail (Fig.4a) shows three pronounced maxima,
which correspond to extended density clumps
around RA 230°9, 23198, and 233°3 in the map of
Figure 3. The linear density at these maxima is
about two times as high as it is on average. Apart
from those local variations there is a general de-
cline in the density with increasing A. The mean
density level decreases by roughly a factor of 3
when comparing A ~ 0°5 to A ~ 6°.

In order to judge the significance of the ob-
served variations we approximate the general
trend in the data by fitting a straight line to the
innermost five and the outermost five data points
(dashed line in Fig.4a). Comparing the data with
this line shows that the smaller amplitude varia-
tions in the counts lie within the error bars and
hence are likely of statistical nature whereas the
strong maxima at the above given locations ex-
ceed the straight-line model by about 3 times the
error bar. Therefore, these maxima are statisti-
cally significant and present real substructure in
the tail. Two of the clumps may in fact be part

of one broad density enhancement because their
separation by only one bin of lower density could
be the result of statistical fluctuations.

Along the southern (leading) tail (Fig.4b) the
linear density is generally lower than in the cor-
responding part of the northern (trailing) tail.
Again, there are local variations which reflect the
presence of density clumps in Figure 3. How-
ever, these variations have lower amplitude than
those occuring in the northern tail, and the devi-
ations from the general trend of the data (fit of
straight line to entire set of data points) are thus
not highly significant. In particular, the southern
(leading) tail shows no obvious counterpart to the
broad density enhancement in the northern (trail-
ing) tail. Since the data for the southern (leading)
tail cover a smaller range in A there is less informa-
tion on the large-scale trend of the density. With
the exception of the outermost bin the data points
seem to suggest a weak outward decrease. On the
other hand, taking into account the error bars the
counts are also consistent with the assumption of a
constant mean density level. In any case, the den-
sity curve leaves no doubt that the southern tail
must continue beyond the border of the field. The
steep rise of the counts in the outermost bin, be
it a statistical fluctuation or due to a real clump,
shows that the mean density does not drop to zero
at this point. Whether or not the linear density
at higher A declines in a similar way as seen in
the outer part of the northern (trailing) tail is an
interesting question that can presently not be an-
swered.

4.3. Radial profile of the surface density

Another way to describe the tidal debris is by
determining the radial profile of the surface den-
sity, i.e., the azimuthally averaged surface density
as a function of distance from the cluster center.
This description disregards the fact that tidal tails
are not a circularly symmetric structure, but has
the advantage to provide a uniform view of both
the cluster and the debris. Therefore, observa-
tional studies of globular clusters and local dwarf
galaxies are often judging the existence of tidal
debris in this way, and results of theoretical stud-
ies are also frequently presented in this form (e.g.,
Johnston et al. 1999a, Johnston et al. 2002).

We derived the radial profile of the cluster and
the two tails through weighted number counts in



sectors of concentric rings. Out to r = 15" we di-
vided each ring into its northern and southern half.
At larger radii we used progressively narrower sec-
tors to bracket the tails and to minimize the influ-
ence of the field, but referred the (background cor-
rected) counts to the full area of the correspond-
ing half ring. This yields the profiles shown in
Figure 5. For comparison we also show an analo-
gous profile obtained in two cones away from the
tidal tails, i.e., at position angles 100° 4+ 35° and
280° + 35°.

It is clearly visible that the tidal debris is distin-
guished from the cluster by a characteristic break
in the slope of the logarithmically plotted radial
profile. Outside the cluster’s core region, i.e., at
radii r > 3’, the surface density first decreases
steeply as a power law 7 with exponent v = —3.
Between 15" and 20’ there is a transition region
where the profile becomes less steep, and from
20" outwards the decline of the density is simi-
lar to a power law with an exponent in the range
—1.5 < v < —1.2. The comparison profile, which
has been measured perpendicularly to the tails
and should thus not be affected by tidal debris,
shows the same r—3 power law decline between 3/
and 10’ but falls off more steeply at r > 10’. This
shows that perpendicular to the tails the cluster
has a well-defined radial limit. A fit of a King pro-
file to these counts suggests a limiting (or tidal)
radius of approximately 16" (see Paper II). This is
near to the radius where the overall radial profile
shows the break. By comparing the different ra-
dial profiles the tidal perturbation of the cluster is
noticable from about r = 12" outwards.

To determine the power law exponent for the
outer part of the radial profile we made a weighted
least-squares fit to the data points at r > 20’
For the southern (leading) tail this fit yields v =
—1.25 £ 0.06. For the northern (trailing) tail the
use of all data points results in a poor fit with
v = —1.36. When leaving out the three most dis-
crepant data points, which describe the strong lo-
cal density maximum in the range 140" < r < 220/,
we obtain an acceptable fit and v = —1.46 £ 0.06.
The overall decline of the radial surface density
profile of the northern (trailing) tail is thus some-
what steeper than for the southern (leading) tail.
For both tails we find power law exponents v <
—1, which means that the decline is steeper than
it would be for a stream of constant linear density
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(having a radial profile oc r~! because the area
of the averaging annuli increases proportional to
r). This confirms that the linear density of the
stream is decreasing with angular distance from
the cluster as stated in §4.2. On the other hand,
it also reveals that the decrease in linear density
is distinctly less steep than 1/r because we find
v > —1.5.

4.4. Distances

It is important to recall that our mapping of
the tidal debris is built on the assumption that the
debris is located at the same heliocentric distance
as the cluster (at least within the limits of the
photometric accuracy and the natural photomet-
ric dispersions). For the immediate vicinity of the
cluster this necessarily holds true. With increasing
angular distance from the cluster the heliocentric
distances might however increasingly deviate, de-
pending on how much the tidal stream is inclined
against the plane of the sky. If, for example, this
inclination were > 50° the distances should differ
by > 10% over an angle of 5°, resulting in shifts
of +£0.2mag or more in apparent magnitude. One
might suspect that shifts of this size, if true, could
affect our measurements of the stellar surface den-
sity along the tails. On the other hand if such
shifts in apparent magnitude were detectable, this
would also provide interesting constraints on the
extent of the tidal debris and the cluster’s orbit in
the third dimension .

Unfortunately, the stars that we have access to
in the tails are not well suited as precise distance
indicators. In order to measure small distance ef-
fects we would ideally need stars with character-
istic luminosities such as horizontal branch (HB)
stars. These are not very numerous, even in the
main body of the cluster (= 30 HB candidates
within 12" from the center including variables),
and occur mostly on the red side of the HB. In the
tails an occasional red HB star from Pal5 would
(in the absence of kinematic information) be in-
distinguishable from Galactic field stars. The sub-
giant branch is also not sufficiently well populated
to allow such cluster members to be recognized on
a purely statistical basis. Therefore, one has to
rely on stars near and below the main-sequence
turn-off, whose luminosities cover a wider range.
Even for stars of this type one needs to integrate
over a substantial part of the tails in order to be



able to identify their location in the c-m plane.
Therefore, distance variations can only be investi-
gated at low angular resolution.

In Figure 6 we present Hess diagrams for the
outer parts of the two tails, obtained by sampling
stars in two 18’ wide bands (= the FWHM of the
tails, see §6.1) along the ridge lines of the tails.
Panel (a) of this figure shows the integrated c-m
distribution in the northern (trailing) tail between
3°5 and 5°6 from the center of Pal5, while panel
(b) shows the same for the southern (leading) tail
from 1°5 to its outer end. The two samples, which
have almost the same size, are thus spatially sep-
arated by an angle of at least 5°. For compar-
ison with the cluster, the ridge line of the clus-
ter’s c-m distribution as derived from Figure 2a is
overplotted (middle dot-dashed line) and repeated
with magnitude offsets of —0.2 and +0.2 mag (up-
per and lower dot-dashed line, respectively), corre-
sponding to a 10% smaller or larger mean distance
of the stars. The location of the density maxima
in these diagrams reveal that the outer part of the
northern tail is centered on the same distance as
the cluster while the outer part of the southern tail
appears to be about 0.1 mag brighter. Hence its
mean distance may be about 5% smaller. The fact
that the c-m distribution of the southern tail sam-
ple extends to brighter magnitudes also appears to
be influenced by field stars with ¢; ~ 0.35, which
are seen to be more abundant than in the north-
ern sample and spread into the locus of the cluster
members. Thus the mean distance of the south-
ern (leading) tail sample is probably not smaller
than that of the cluster by as much as 10% (i.e.,
—0.2 mag) or more. Accepting a relative difference
of 5% between the mean distances of the northern
(trailing) and the southern (leading) tail sample
and considering that the mean angular separation
between those two samples is 7°1, the inclination
of the tidal stream against the plane of the sky
may be of the order of 22°. Since the data shown
in Figure 6 do not support a difference > 10% in
the mean distances of the two samples an inclina-
tion of > 38° can be excluded.

To determine how variations in heliocentric dis-
tance along the southern (leading) tail might influ-
ence the determination of the stellar surface den-
sity in the stream we shifted the color-magnitude
distribution fc of the cluster by —0.1 mag and
—0.2 mag, recomputed the weight function, and
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rederived the least-squares solution for the sur-
face density. Figure 7 shows the resulting linear
density profiles along the southern (leading) tail.
One can see that the above magnitude shifts in
the cluster template lead to slightly lower densi-
ties in most of the bins. The general trend of the
data with arc length along the tail as determined
by the best-fit straight line (dashed lines in Fig.7)
does not change significantly. Only in the outer-
most bin (at A ~ 3°6) magnitude shifts of —0.1
and —0.2 mag produce an increase in the number
density of stars such that the measured density
exceeds the general trend by two times the statis-
tical error. The general conclusion from this ex-
periment thus is that despite a possible decrease
of the distance along the southern (leading) tail of
up to 10% (out to the tip of the tail) the assump-
tion of constant distance as used in the previous
sections does not cause a significant underestima-
tion of the stellar surface density in the outer part
of this tail.

4.5. Luminosity functions

Another assumption in the filtering method de-
scribed in §3.2 is that the tidal debris has the
same luminosity function and c-m distribution as
the cluster. This is not necessarily the case be-
cause there could be mass segregation effects (see
§7.4). However, using star counts in a narrowly
confined band containing the tails it can a poste-
riori be shown that down to our magnitude limit
of i* = 21.8, which comprises only a small range
in stellar mass, the assumption holds true. In Fig-
ure 8 we present the luminosity function of the
stellar population in the tidal tails and compare
it to the luminosity function of the stars in the
cluster itself. These luminosity functions were ob-
tained by restricting the star counts to an appro-
priate window around the loci of the giant branch,
subgiant branch, and upper main sequence of Pal 5
in the c-m plane. The luminosity function of the
cluster was derived by counting stars within r < 6’
from the cluster center. The luminosity function
of the tails was obtained by counts within £0°25
angular distance from the central line through the
tails (see §4.2). Possible variations in the line-of-
sight distances of the stars along the tails were
neglected since their effect in apparent magni-
tude is small. The statistical contamination by
intervening field stars was determined with counts



in neighboring zones and subtracted after proper
scaling with the respective areas. Finally, the lu-
minosity function of the tails was renormalized in
order to bring it to the same level as the clus-
ter’s luminosity function in the magnitude bins
centered on ¢* = 19.0 and i* = 19.5 (renormal-
ization factor of 100). Figure 8 shows that the
two luminosity functions are almost identical from
* = 19.0 down to the faintest bin. At magni-
tudes brighter than 18.5 the number of stars in
the tails is too small to decide whether or not the
surface density is higher than in the field. How-
ever, within the statistical errors the counts agree
with the number of giants in the cluster, which
is also quite small. Anyway, stars of this bright-
ness are unimportant in the filtering process. The
agreement between the two luminosity functions
proves that the filtering method is based on firm
grounds.

5. Implications on the orbit of Pal5

Numerical simulations of globular clusters in
external potentials demonstrate that stars tidally
stripped off from such systems remain closely
aligned with the orbit of the cluster (e.g., Combes
et al. 1999). This happens because the stars have
only small differential velocities and small spatial
offsets when they become unbound from the clus-
ter. N-body simulations for dSph satellites have
shown that even debris from such more massive
systems may remain on approximately the same
orbit as the parent object over long time-scales
(e.g., Johnston et al. 1996, Zhao et al. 1999). The
stream of debris from Pal 5 thus provides a unique
tool for tracing the orbital path of this cluster and
subsequently also its orbital kinematics. This of-
fers an exceptional opportunity to probe the Milky
Way’s potential with observations of a Galactic
orbit. So far, only the Sgr dSph galaxy with its
global tidal stream has allowed to constrain the
Galactic potential in a similar way (see Ibata et al.
2001, Majewski et al. 2003). Classically, determi-
nations of the potential of the Galactic halo have
been based on statistical investigations of the bulk
properties (spatial distribution and average veloc-
ities) of object samples, either halo stars, globu-
lar clusters, or dSph galaxies (e.g., Zaritsky et al.
1989, Kulessa & Lynden-Bell 1992, Wilkinson &
Evans 1999). The availability of traces of individ-
ual orbits as for Pal5 and the Sgr dSph is clearly
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an advantage over the statistical approach because
this allows to obtain information on the poten-
tial without assumptions on, e.g., steady state or
velocity anisotropy and without dependence on
proper motion measures, which are often unreli-
able.

5.1. Isochrone approximation

In order to make the connection between the
cluster’s Galactic orbit and its tidal tails more
transparent we outline a simple analytic approach.
Herein we use a spherical logarithmic halo as a
model of the Galactic potential and describe the
orbits of the cluster and the debris stars with the
so-called isochrone approximation (Dehnen 1999).
In contrast to classical epicycle theory, whose ap-
plication is limited to almost circular orbits, this
method allows an accurate approximation of sub-
stantially eccentric orbits. A detailed description
for the special case of a logarithmic potential is
given in Appendix A. The key point is that using
appropriate transformations of the radial coordi-
nate R (galactocentric distance) and the time pa-
rameter ¢, the radial motion can be described by
a harmonic oscillation whose period Tr is propor-
tional to the radius Rg of a circular orbit of equal
energy. Furthermore, the eccentricity e of the or-
bit is a function of the quotient L/Rg, where L is
the angular momentum.

Let us approximate the orbit of the cluster in
this way. If at an arbitrary point on the orbit
(say at t = to) we shift one star from the cluster
radially from R to R’ = aR (a > 0), and release
it as an independent test particle having the same
instantaneous space velocity vector as the cluster,
then it follows from Eqs. (A13) to (A19) that the
eccentricity of its orbit does not change and that
the new orbital path of this particle is simply a
scaled copy of the orbital path of the cluster, i.e.,
R'(p) = aR(p), ¢ being the azimuth or phase
angle. The motion along this path is characterized
by a scaling relation

t'(p2) = t'(¢1) = alt(p2) — t(e1)) (6)

between the time parameter ¢ for the cluster and
t' for the shifted particle, or by the equivalent re-
lation T = oT for the periods of the radial oscil-
lation (e.g., the time intervals between successive



apocenter or pericenter passages). A star shifted
outward (a > 1) thus has a proportionally longer
period and trails behind the cluster while a star
shifted inward has a proportionally shorter period
and leads the cluster.

We now apply this model to the tidal debris of
a globular cluster: Stars leave the cluster by pass-
ing near the inner or the outer Lagrange point
on the line connecting the cluster to the Galac-
tic center, i.e., those points where a force balance
between the internal field of the cluster and the
external tidal field exists. They are likely to pass
these points with small relative velocity because
the internal velocity dispersion in the cluster is
low, in particular in low-mass clusters like Pal5
(010s < 0.7kms™!, Paper II). Subsequently, the
debris is decoupled from the cluster and behaves
like a swarm of test particles that are radially off-
set from the cluster and released with almost the
same galactocentric velocity vector as the cluster.
In the framework of the above model and the ideal
case of zero velocity dispersion this means that the
cluster and its debris are on confocal orbits that
are equal up to radial scaling but have different an-
gular velocities and thus exhibit azimuthal shear.

If the separation dp between the azimuth an-
gles of the shifted and the unshifted particle (i.e.,
between a debris star and the cluster) is small,
the relation between d¢ and the time At since
the release of the shifted particle can be expressed
in a simple formula. Provided that d¢ is small
enough to ensure that the galactocentric distance
aR along the orbit of the shifted particle and
hence its angular velocity, which is L/aR?, can be
considered as being approximately constant over
dip, it follows that

a—-1), L
At— .
aR? o R? (7)

Here, dt means the time lag that corresponds
to dp, for which equation (6) yields 6t = (a —
1)At. Note that equation (7) is independent of the
value of the circular velocity v, of the potential.
The relation shown in equation (7) is very useful
because it provides a key for estimating the mass
loss rate of the cluster (see §6).
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5.2. Local orbit and tangential velocity

We now describe what observational constraints
we have on the cluster’s local orbit, i.e., its orbit
near the present position of the cluster and the
location of its tails. Adopting d = 23.2 kpc (Har-
ris 1996) for the heliocentric distance of Pal5 and
Rs = 8.0 kpc for the distance of the Sun from
the Galactic center we derive the position of Palb
in the Galaxy as (z,y,2) = (8.2,0.2,16.6) kpc.
Here, x,y,z denote right-handed galactocentric
cartesian coordinates, with y being parallel to
the Galactic rotation of the local standard of rest
(LSR) and z pointing in the direction of the north-
ern Galactic pole. In other words, the Sun has
coordinates (—8.0,0.0,0.0) in this system. From
the above position of Pal5 it follows that the in-
clination between the line of sight and the orbital
plane of the cluster must be < 18°. On the other
hand, our view of the orbital plane cannot be en-
tirely edge-on because Figure 3 clearly shows the
S-shape bending of the tidal debris near the clus-
ter. This feature obviously reflects the opposite
radial offsets between the two tails and the clus-
ter. Considering the orientation of this S feature
and the perspective of the observer, we infer that
the orbit of the cluster (in projection on the plane
of the sky) must be located east of the northern
tail and west of the southern tail (referring to the
equatorial coordinate system used in Fig.3).

The simple model from §5.1 tells us that the
tidal debris should be on similar orbits as the clus-
ter if velocity differences can be neglected. Taking
into account the local symmetry of the tidal field,
the limited range in azimuth angle ¢ covered by
the observations, and the relatively small angle be-
tween the orbital plane and the line of sight, one
thus expects the offsets between the tails and the
orbit of the cluster in projection on the tangen-
tial plane of the observer to be constant and of
equal size on both sides of the cluster. An ad-
ditional argument for this assumption is that the
tails show a constant width, i.e., the projection
does not reveal that they become wider as a func-
tion of angular distance from the cluster. If the
mean (projected) separation between the tidal de-
bris and the orbit of the cluster were increasing
with angular distance from the cluster one should
expect to see the tails to become wider, which is
not the case. Therefore we continue the analysis
under the assumption that the cluster’s projected



orbit runs parallel to the two tails.

First of all, this sets a tight constraint on the
direction of the cluster’s velocity vector in the tan-
gential plane. The tails imply that the tangen-
tial motion of the cluster has a position angle of
231° £ 2° with respect to the direction pointing to
the northern equatorial pole, and 280° + 2° with
respect to Galactic North (see Fig. 8). The ori-
entation of this angle (i.e., PA = 280° and not
PA =100°) follows when taking into account the
direction to the Galactic center. Figure 9 shows
the surface density map of the tails on a grid
of galactic celestial coordinates [ cosb, b, where [
means galactic longitude and b galactic latitude.
Since the Galactic center (I = 0,b = 0) lies to the
bottom of this plot, the tail that points to the right
(also called the southern tail), must be the one at
smaller galactocentric distance, which is thus lead-
ing, and the tail that points to the left (also called
northern tail) be the more distant one, which trails
behind. This means that the cluster is in prograde
rotation about the Galaxy, in agreement with in-
dications from different measurements of its abso-
lute proper motion (Schweitzer, Cudworth & Ma-
jewski 1993; Scholz et al. 1999; Cudworth 1998
unpublished, cited in Dinescu et al. 1999).

Next we consider whether the observed part
of the stream is long enough to see a deviation
from straight line motion. Figure 9 demonstrates
that this curvature is indeed detectable. The long
dashed line shows the projection of a straight line
in space (with position angle 280°) plotted over
the surface density contours of the debris. The
curvature of this line (due to projection onto the
(I cosb, b) coordinate grid) is obviously too small
to fit the tidal stream. Thus the curvature of the
stream provides clear, direct evidence that the mo-
tion of the cluster is accelerated.

To further constrain the orbit, the radial veloc-
ity of the cluster in the Galactic frame is needed
and an assumption on the acceleration field near
the cluster has to be made. The cluster’s heliocen-
tric radial velocity of —58.74-0.2kms™! (Paper II),
combined with a solar motion of (U,V,W)gy =
(10.0,5.3,7.2) kms™! (Dehnen & Binney 1998b,
velocity components in our z,y,z system), and
vLsr = 220 kms~! for the rotation velocity of the
local standard of rest yields a Galactic rest frame
radial velocity of —44.3 kms~!(observer at rest at
the present location of the Sun). The cluster’s
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absolute proper motion is not yet measured with
comparable accuracy. However, the existing mea-
surements (see the above references) can be used
to derive rough limits for the tangential velocity.
According to Cudworth’s measurement, which we
consider to be the most reliable one, the absolute
proper motion of Palb lies between 2.6 and 3.8
mas/yr (3-c limits). Using the above values for
the cluster’s distance and the motion of the Sun
and assuming the direction of the tangential ve-
locity to be near PA = 280°, this yields a lower
and upper limit for v; (i.e., tangential velocity as
seen by observer at rest at present location of the
Sun) of 60 kms~! and 195 km s~ !, respectively. To
determine possible space velocity vectors for the
cluster we thus combined the radial velocity with
tangential velocities in the range from 50 kms™!
to 200 kms~'and the direction PA = 280°.

The simplest way to model the local accel-
eration field near the position of the cluster is
a spherically symmetric field with constant ac-
celeration. Assuming that the circular velocity
in the Galactic halo is between 150 kms~! and
250 kms~!, it follows that plausible values for
the acceleration a range from (150kms~1)2/R,,
to (250kms~1)2/R., with R, being the clus-
ter’s galactocentric distance. We thus adopted
a = (220kms™1)?/18.5kpc and used this to in-
tegrate the orbit locally for a sequence of tan-
gential velocities covering the interval from 40 to
180kms~! in steps of 5 to 10kms~!. Each or-
bit (more precisely its projection on the plane of
the sky) was then compared with the tidal tails.
It turned out that an orbit with a good fit to
the geometry of the tails is obtained when us-
ing v; = 95kms~!. This orbit is shown by the
solid line in Figure 9. Changing v; by £15kms™!
leads to orbits with significantly different curva-
ture (short-dashed and dot-dashed line in Fig. 9)
which fit the tidal tails less well. These cases are
considered as the limits of the range of acceptable
orbits. For other values of a in the above range
one can obtain orbits with essentially the same
projected path when increasing or decreasing vy
accordingly. This means that fitting a local orbit
to the tidal tails sets up a relation between the
acceleration a and the cluster’s tangential velocity
v¢. The value of a can however not be determined
in this way from the current data unless the ve-
locity v; is known independently.



A more realistic model for the Galactic field
near the cluster is given by the spherical logarith-
mic potential ® = v2 In R, which yields a constant
circular velocity v. rather than constant accelera-
tion. We repeated the orbit integration using this
model and again looked for the best accordance
with the geometry of the tidal tails. It turns out
that for similar sets of parameter values the or-
bits obtained with this potential have practically
the same projected paths as those obtained with
the a = const model. This implies that local vari-
ations in the size of the acceleration vector have
little influence on the determination of the clus-
ter’s local orbit. Hence it does not matter which
of the two models we use.

The relation between the circular velocity v, of
the logarithmic potential (or the local acceleration
a = v+c?/18.5kpc) and the tangential velocity v,
of the cluster, for which one obtains a local or-
bit with a projected path identical to the solid
line in Figure 9, is shown in Figure 10. This re-
lation is linear with a slope dv:/dv. = 0.43. A
straightforward way to determine the parameter
v, of the potential would be to obtain v; through
a precise astrometric measurement of the cluster’s
absolute proper motion. An accuracy of 5 kms™!
in v, would require an accuracy of 2 kms™! in vy,
which at d = 23.2 kpc corresponds to a proper mo-
tion error of 18 pas/y. This level of accuracy can
be achieved in future astrometric space missions
like SIM and GAIA . On the other hand, from the
currently available proper motion measurements
for Pal5 one can clearly not derive a meaningful
constraint on v.. The proper motion obtained by
Cudworth yields v; = 135 kms~*and would thus
suggest v. > 300 kms~!, which is uncomfortably
high. The quoted error of this proper motion of
0.17 mas/y per component results in a typical un-
certainty of 19 kms~! in v;, so that v, cannot be
determined to better than +47 kms~! from this
data. A more comprehensive way of constraining
the Galactic potential however consists in gath-
ering kinematic data all along the tails and not
only for the cluster. This will allow to use more
complex models for the potential and to determine
more than one parameter (e.g., the size and the di-
rection of the local acceleration vector).

In spherical potentials, the simplest motion
would be that on a circular orbit. However, there
is no such solution in the above sequence of or-
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bits because for the given position, radial veloc-
ity, and direction of tangential motion a circu-
lar orbit would require a tangential velocity of
v, = 885.5kms™!, the total velocity on this or-
bit then being v, = 886.6kms~'. Apart from the
fact that velocities of this size are very far from
realistic, it turns out that the projection of the re-
sulting orbit would be similar to that of motion
on a straight line (see Fig.9) and hence not yield
a good fit to the tidal tails. In order to allow a
circular orbit with a velocity of 220km s~ or less
one needs to increase the position angle of the tan-
gential velocity to PA > 310°. However, the orbit
would then deviate from the direction of the tails
by at least 30°. A circular or nearly circular orbit
is thus not an option.

We also checked for possible effects from a flat-
tening of the Galactic potential. The potential
in the Galactic halo is in fact likely to be flat-
tened because of the influence of the disk, and
may have additional flattening due to a flattened
distribution of mass in the halo. We thus con-
structed a model composed of (a) an exponential
disk with scale length h, = 3kpc, scale height
h. = 0.3kpc, and mass density 0.12 Mxpc™3 near
the solar circle, and (b) a modified logarithmic
halo potential ®;, = v2In((r? + (2/¢)?)/?) with
ve = 180kms~!. Here, r = (22 + y?)~/? denotes
the cylindrical radius. Together, the two compo-
nents yield a flat rotation curve (in the Galactic
plane) with a velocity of about 220 kms~!. In the
region near the cluster the contribution of the disk
to the total potential can be described with only
a monopole and a quadrupole term. For the halo
component two cases were considered, a spherical
halo (¢ = 1.0) and a flattened halo with ¢ = 0.8.
Again, we find that these potentials lead to or-
bits whose local projections are practically indis-
tiguishable from those obtained with the previous
models. For ¢ = 1.0 the best-fit projected local
orbit (in the sense of the solid line in Figure 9)
requires v; = 90kms~'. In the case of ¢ = 0.8
an equivalent orbit, i.e., with the same local pro-
jected path, can be obtained by increasing the tan-
gential velocity to v; = 105kms~!. This demon-
strates that over the currently known angular ex-
tent of the tidal tails the projected orbital path of
the cluster is not sensitive to the flattening of the
Galactic potential.

In conclusion, the fit of the cluster’s projected



orbital path to the geometry of the tidal tails does
not depend on a particular model for the Galac-
tic field. As long as there are no additional kine-
matic constraints from radial velocities or proper
motions along the tails the result of the fit is com-
patible with a variety of orbits for different fields,
which locally project onto the same path on the
sky. Those orbits of course differ from each other
along the line-of-sight. However, within the region
where we see the tidal tails the differences are not
substantial. This allows us to estimate how much
the distance varies along the cluster’s orbit over
the 10° arc of the stream. It turns out that the
end of the leading tail at [ cosb = —3°2 lies nearest
to the observer, in accordance with the negative
radial velocity of the cluster. The different or-
bits obtained with the above selection of Galactic
models put this point at a galactocentric distance
R between 17.6 and 17.9 kpc, and at a heliocentric
distance d of 22.1 to 22.4 kpc. For the opposite
end of the trailing tail at [ cosb = +7°0 these or-
bits predict galactocentric distances between 18.6
and 19.0 kpc, and heliocentric distances of 23.4 to
23.9 kpc. The maximum of d lies between 23.6
and 23.9 kpc. The distance between the cluster’s
orbit and the observer thus varies by up to 1.8 kpc
over the length of both tails. This is a variation of
+3% and —5% relative to the present distance of
the cluster. Observationally, this corresponds to a
magnitude difference of +0.06 mag and —0.1 mag,
respectively, which is completely consistent with
the results presented in §4.4.

The maximum value of R along the local or-
bit lies in the range from 18.7 to 19.4 kpc (see
upper panel of Fig.10). All solutions for the lo-
cal orbit place its apocenter between 4°1 and 6°6
in [cosb. This reveals that the cluster’s present
position must be close to the apocenter of its or-
bit. The different orbit solutions suggest that the
cluster passed this apogalactic point between 13
and 27 Myrs ago. The cluster’s proximity to an
apogalactic point implies, that the variation of the
galactocentric distance R along the local orbit is
small. Indeed, in the region of the trailing tail the
variation of R along the orbit is at most 0.6 kpc or
3%, and in the region of the leading tail this varia-
tion is 0.9 kpc or 5% (see the above minimum and
maximum values).
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5.3. Is the tail aligned with the orbit?

With a model of the cluster’s orbit at hand,
we can a posteriori test and validate our working
hypothesis that the tidal tails lie parallel to the lo-
cal orbital path of the cluster even if the stars do
not have exactly the same velocity as the cluster
when they decouple from the cluster. To this end
we simulated a sample of test particles in a spher-
ical logarithmic potential with v. = 220 kms~".
The particles were released over the time interval
from —2.0 Gyr to present at equal time steps of
20 Myr. We emphasize that this experiment is not
meant to provide a realistic model of the mass loss
history of the cluster, but just serves to reveal the
geometry of the tails. The particles were released
from the cluster with a radial offset, i.e., either in
the direction of the Galactic center or in the oppo-
site direction, and with small velocity offsets. The
size of the radial offset was chosen to be 3 X rp,
with r, the distance of the Lagrange point of local
force balance between the cluster and the Galactic
potential, i.e.,

R2
T‘i = GMCl—

2
Ve

(®)

For the present position of the cluster equation
(8) yields r;, = 57 pe, using My = 6 x 103Mg
as the mass of the cluster. The velocities of the
particles were offset from the velocity of the cluster
by a velocity vector with a size of 1.0 kms™? (i.e.,
about 2x the dynamical velocity dispersion of the
cluster, see Paper II), pointing either in the radial
direction (i.e., towards the Galactic center on the
inner side and away from it on the outer side) or
at 45° from this direction.

Figure 11 shows the distribution of this sample
of test particles in the plane of the sky at t = 0.
The plot covers the same field as Figure 9 and
uses the same (galactic) coordinates. The solid
line shows the path of the cluster’s orbit, same as
in Figure 9. It can be seen that the stream of test
particles has approximately the same width as the
observed tails, and that it is well aligned to the
cluster’s projected orbital path. In other words,
the relatively small peculiar velocities that stars
may have when escaping from Pal5 do not have
a significant impact on the mean location of the
tidal debris with respect to the cluster’s orbit, at



least not in projection onto the plane of the sky.
Thus our assumption, that the orbit of the cluster
must be fit such that it is parallel to the observed
tidal tails proves to be entirely valid.

5.4. Global orbit

We saw that the apogalactic distance R4, of
Pal5 can be derived from the local orbit and hence
does not strongly depend on specific assumptions
on the Galactic field. However, the determination
of other characteristic parameters of the cluster’s
orbit such as the perigalactic distance R,,;, or the
distance R(z = 0) at which the cluster crosses the
Galactic disk requires extensive extrapolation be-
yond the region of the tails and thus depends on a
global Galactic mass model. In order to estimate
these and other orbital parameters we made use
of Model 2 from the series of Galactic models de-
veloped by Dehnen & Binney (1998a). This mass
model consists of three exponential disks repre-
senting the stellar thin and thick disk and the in-
terstellar material, and of a bulge and a halo com-
ponent. The parameters of the model are chosen
such that the model accomodates a variety of ob-
servational constraints, e.g., the Milky Way’s rota-
tion curve, the local vertical force, the local surface
density of the disk etc. (for details see Dehnen &
Binney 1998a).

The tangential velocity of Pal5 was set to v; =
90kms~'. Hereby the above model provides an
orbit whose path locally coincides with the solid
line in Figure 9 and hence meets the condition of
a good fit to the tidal tails . The equations of mo-
tion were integrated over the time interval from
—1 Gyr to 1 Gyr. Part of the resulting orbit is
shown in Figure 12abc. We find that the orbit
has perigalactic distances in the range from 6.7
to 5.7 kpc.!? This reveals that the cluster pen-
etrates deeply into the inner part of the Milky
Way. The typical time scales of the orbit are
< Tr >= 291 Myr (mean period of radial oscil-
lation) and < Ty, >= 443 Myr (mean period of ro-
tation around the Galactic z-axis). The local con-
straints from the tidal tails allow us to vary v; by
about £10kms~'. When doing so the perigalactic
distances of the orbit change by about +0.8 kpc,
and the eccentricity thus varies by £0.05. The pe-

12Note that for an orbit in a flattened potential perigalactic
passages do in general not occur all at the same distance.
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riods < Tp > and < T, > change only slightly,
i.e., by £3% and +1%.

From —1 Gyr to present the orbit makes five
disk crossings. Three of them happen near or in-
side the solar circle, at distances of 6.7, 6.8, and
8.3 kpc, while two are at much larger distances of
14 to 18 kpc. When changing v; by +10kms~!
the galactocentric distances of the crossings of the
inner disk vary by typically +0.7 kpc but occasion-
ally up to +1.1kpc. Interestingly, the predicted
location of the next future disk crossing is at an
even lower galactocentric distance of 5.9+ 0.8 kpc,
which is very close to the next perigalacticon (see
Figs.12a and 12b). This disk crossing is predicted
to happen in +110 + 2 Myr from present.

Besides the models of Dehnen & Binney there
exist a variety of other Milky Way mass models
from other authors, e.g., Pacynski (1990), Allen
& Santillan (1991), Johnston et al. (1995), Flynn
et al. (1996). To test in how far our conclu-
sions on the orbit of Pal5 depend on the partic-
ular model we repeated the integration of the or-
bit using the same initial velocities and the Milky
Way mass model of Allen & Santillan. This is
a three-component model with bulge, disk, and
halo, where the disk potential is of the Miyamoto-
Nagai form (Miyamoto & Nagai 1975). The cor-
responding orbit is shown in Figure 12def. The
general characteristics of the orbit are very simi-
lar to the one found with the Dehnen & Binney
potential. In particular, we find small pericen-
tric distances down to 5.5 kpc. This confirms that
the orbit of the cluster leads through the inner
part of the Milky Way. The sequence of near and
far disk crossings and apogalactic and perigalactic
passages is the same as with the other model, but
the associated time scales are somewhat shorter
(e.g., < Tp >= 275 Myr, < Ty >= 412 Myr).
Again, the orbit predicts an exceptionally small
galactocentric distance, namely of 5.7 kpc for the
next crossing of the disk (in about 107 Myrs from
present). When using a simple spherical logarith-
mic potential with v, in the range from 150 to
260kms~! the resulting orbits yield even lower
values for the galactocentric distance of this disk
passage. It thus appears that an upper distance
limit of R < 6kpc for the next disk crossing is a
safe prediction.



6. Clues on the mass loss history

6.1. Mean mass loss rate

Using the results from §5 we can translate the
amount of mass that is observed in the tails of
Pal5 into a rough estimate of the mean mass loss
rate. It was shown that the variation of R along
the local orbit is small, in particular in the region
of the trailing tail. This means that the variation
of the angular velocity ¢ = L/R? along the local
orbit is also small. Assuming L = const, the rela-
tive change in ¢ is twice the relative change in R
and thus < 6% for the trailing tail and < 10% for
the leading tail. Therefore, it is justified to esti-
mate the time scale of the angular drift between
the debris and the cluster in the way described by
equation (7).

The key parameter is the relative radial offset o
from the orbit of the cluster. In reality, individual
stars do not escape from the cluster under exactly
the same conditions and hence do not settle on
orbits with the same radial offset. Their orbits will
not even be strictly confocal because they do not
escape with exactly the same velocity. Hence stars
at a certain azimuthal distance from the cluster
will have taken different intervals of time to drift
to this place. However we assume, that we can
estimate the mean time scale At of this drift by
applying equation (7) to the mean value of a.

To determine the mean offset we measured for
each star its rectangular separation from the solid
line of Figure 9 in the plane of the sky. We then
counted the weighted number of stars in 2’ wide
bins of this rectangular separation, using the same
weighting scheme as described in §3.2. Separate
counts were made for the leading and the trail-
ing tail. The resulting star count histograms are
plotted in Figure 13. FEach tail shows up as a
symmetric peak on top of a constant background.
We determined the center and the width of each
peak by fitting a Gaussian plus a constant to the
counts (see dashed lines in Fig. 13). For the trail-
ing tail we thus measure a mean rectangular sepa-
ration of 11/8+0!5 from the orbit and a FWHM of
18/441!2. For the leading tail we find a mean sep-
aration of 10/140/8 and a FWHM of 17/24+1/9. 13

13When cutting the tails into two parts of equal length we get
the same FWHM for each part within the errors of the fit.
The width of the tails can thus be regarded as constant.
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From the mean angular separations as seen in pro-
jection we reconstructed the mean radial distance
between the debris and the orbit of the cluster in
the orbital plane. This was done in the following
way: We increased and decreased the length of
the galactocentric radius vector of the cluster by
200 pc, determined the positions of the endpoints
of these vectors on the sky as observed from the
Sun, and then computed the rectangular separa-
tion of these points from the projected orbit in
the same way as done for the stars. This yields
separations of 9/0 and 9/1, respectively, i.e., 0.76
and 0.90 times the observed separations. This im-
plies that the observed separations correspond to
mean radial distances between the tails and the
orbit of 263 pc for the trailing tail and 222 pc for
the leading tail.

We first focus on the trailing tail, which is
better covered by the observations and which is
most suited for applying equation (7). Using
v, = 95kms™! the angular momentum of the
cluster’s orbit is I = 1814kms 'kpc . From
Rpar = 19.0kpc we derive the angular velocity
at the apogalactic point as ¢ = 5.14kms~!/kpc
or, in other units, ¢ = 0°295/Myr. Compar-
ing the mean radial offset of the tail of 263 pc
and the apogalactic distance of 19.0kpc we have
a = 1.014. The material in the trailing tail is ba-
sically spread over an arc of 6° on the sky. Along
this arc, the orbit of the cluster subtends an az-
imuth angle of 7°7 in the orbital plane.

Putting these numbers into equation (7) we ob-
tain At = 1.94 Gyr. This is the typical time it has
taken debris stars to drift from the cluster center
to the “tip” of the tail. The trailing tail contains
about 0.8 times as many stars as the cluster (see
§4.1). If we assume that the tail has the same mass
function as the cluster, the mass in the tail should
be 0.8 x M,;, where M. denotes the present mass
of the cluster. With regard to the mass function,
this is a lower limit, because the tail is likely to
contain a larger fraction of low-mass stars than the
cluster. The cluster is known to be underabundant
in low-mass stars and may have lost them through
mass segregation followed by tidal stripping from
the outer part of the cluster. Since low-mass stars
are not represented in our sample such a difference
in the mass function would result in a somewhat
higher total mass of the tail. Using the above val-
ues, and taking into account that equal amounts of



mass are lost on both sides of the cluster, we finally
obtain an estimate of the mean mass loss rate of
—M /M, = 0.82/Gyr. Multiplying by the present
mass of the cluster, which has recently been esti-
mated to be —M, = 6 x 103M, (Paper 1I), we
get M = 4.9Mq /Myr.

To check this result we do an analogous calcu-
lation for the leading tail using a mean distance
of R = 18.2kpc (see §5.2). The mean angular ve-
locity then is ¢ = 0.321°/Myr, and the mean ra-
dial offset of the tail from the orbit of the cluster
yields a = 0.988. Furthermore we have dp = 4°8
as the azimuth angle of the orbit along the leading
tail (seen from the Galactic center), and M;q; =
0.4M,; as an estimate of its mass (see §4.1). Equa-
tion (7) thus yields At = 1.26 Gyr, and this leads
to a mean mass loss rate of —M /M. = 0.63/Gyr
or —M = 3.8M/Myr. This rate is somewhat
lower than the one obtained from the trailing tail
because the mean drift rate along the leading tail
is only slightly higher and cannot compensate the
lower surface density in the leading tail.

The accuracy of these estimates is limited by
a number of potential sources of errors, the most
important of which are: (1) The uncertainty in
the determination of the offset between the tails
and the orbit. (2) The uncertainty of the angu-
lar velocity resulting from errors in the distance
and the tangential velocity of the cluster. (3) De-
viations of the motion of individual stars from
the drift rate at the mean radial offset due to
a spread in their initial positions and velocities.
While the fitting of the histograms of Figure 13
yields a formal uncertainties of 05 and 08 for the
mean angular separation, we expect that the true
error of this quantity is more like 1’ to 1’5, in
particular because the exact location of the clus-
ter’s orbit is not known. The relative error in the
mean angular separation and hence in the mean
radial offset is thus assumed to be between 10%
and 15%, producing a relative error in the factor
(o — 1)/ of approximately the same size. The
heliocentric distance and the estimate of the tan-
gential velocity of the cluster are both thought to
have a relative uncertainty of 10%. This trans-
lates into relative errors of 12% and 10% for the
corresponding galactocentric quantities and thus
results in a combined error for the angular velocity
¢ of 16%. Hereby, the relative error in the frac-
tional mass loss rate would be about 22%. How

19

much the above estimate of the mass loss rate is
biassed by the spread in the drift motions of in-
dividual stars needs to be investigated with forth-
coming detailed N-body simulations of the tidal
disruption Pal5. However, we expect that this
may also contribute a relative uncertainty of about
20%. The total error is thus believed to be of the
order of 30%. In conclusion, our result for the
mean mass loss rate of the cluster with respect
to its present mass is —M/Mcl = 0.7+ 0.2/Gyr
or —M = 4.3 + 1.3M/Myr (average from both
tails).

It is interesting to compare this mass loss rate
with predictions from approximate formulae de-
vised by Johnston et al. 2002 (hereafter JCG02)
for calculating mass loss rates of satellites from ra-
dial surface density profiles. These formulae (see
equations (6) and (7) of JCGO02) relate the mass
loss rate to the break radius of the surface density
profile, the surface density outside this radius, and
the time period for orbital or circular motion, as-
suming that the radial profile decreases as either
r~! or r~2. Since the observed profiles for Pal5
are characterized by —1.5 < v < —1.2 they lie
in between those two cases. We calculated the
predicted mass loss rates with two different radii,
r = 20" and r = 60’. Using 7prear = 16, aver-
age surface densities as provided in Figure 5, and
the time scales T,,, = 356 Myr, Teir. = 528 Myr,
equation (6) of JCGO2 predicts mass loss rates of
6.2Mg /Myr (withr = 20") and 3.7TMg /Myt (with
r = 60’) while equation (7) of JCGO02 predicts
mass loss rates of 2.1Mg/Myr and 3.8Mg/Myr,
respectively. The predictions are hence within
50% of our above detailed estimate of the mean
mass loss rate of the cluster.

6.2. Total mass loss

According to numerical simulations the mean
rate of tidal mass loss of a globular cluster orbit-
ing in a stationary Galactic potential remains ap-
proximately constant over most of its lifetime, i.e.,
the cluster’s mass decreases approximately linear
with time (see, e.g., Gnedin et al. 1999, Johnston
et al. 1999a, Baumgardt & Makino 2002). From
the observations it is not entirely clear whether
this really holds for Pal5 because the outward de-
crease of the linear density of the tails could be
interpreted as an indication for a secular increase
in the mean mass loss with time. However, if we



assume that the mean mass loss rate was constant,
we can use the measured mean rate of recent mass
loss to get an idea of the cluster’s mass at earlier
epochs. An important condition is that the Galac-
tic potential must have been essentially the same
over the time interval spanned by the extrapola-
tion. Extrapolating over the cluster’s entire age of
12 Gyr thus poses a problem because disk shocks
seem to be an important driver of the mass loss of
Pal5, and the age distribution of disk stars sug-
gests that the Galactic disk was not in place at
very early epochs. However, if the disk was less
massive or non-existent early on, the initial rate of
the cluster’s tidal mass loss was presumably lower
than the present rate. Therefore, an extrapolation
with the present mass loss rate may overestimate
the cluster’s initial mass but can put an upper
limit on it.

Our measurements suggest a mean mass loss
rate of —M/Mcl = 0.7/Gyr. Multiplying this with
12 Gyr and adding the cluster’s present mass, we
obtain an upper limit for the cluster’s initial mass
of M =9.4M_. Pal5 may thus have started with
roughly ten times as much mass as it has today. If
one restricts the extrapolation to a time interval of
about 8 Gyr, for which the existence of a massive
Galactic disk is likely, one obtains a cluster mass of
6.6M ;. Since the cluster is certainly older than 8
Guyr, this presents a lower limit to its initial mass,
provided that the cluster has been on its present
orbit during the entire period. Of course, these
limits vary as a function of the error of the mass
loss rate and provide not more than a rough guide
line.

7. Discussion and Summary

7.1. Compelling evidence for tidal disrup-

tion

Our analysis of an enlarged set of SDSS data
reveals that the cluster Palb is connected to a
long stream of tidal debris that contains at least
1.2 times as much stellar mass as the cluster itself
contains in its present state. This confirms and ex-
tends the results of Paper I, which presented first
evidence for tidal tails from a study of a smaller
field. The most basic aspect of these results is that
they provide the first stringent observational proof
that globular clusters in the Milky Way’s halo may
be subject to significant tidal mass loss, by which
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they eventually dissolve. The detection of fully-
fledged tidal tails, which is unique so far, makes
Pal 5 the prototype of such tidally-disrupting glob-
ular clusters. We showed that the stream of de-
bris is thin and maintains its small width over a
length of several kiloparsecs, suggesting that it is
a kinematically cold system. This is very much
consistent the low velocity dispersion inside the
cluster, which is only about 0.5kms~! (Paper II).
The numerical experiment described in §5.3 and
Figure 11 lends further support to this view. It is
obvious that the relatively small transverse spread
of the debris on the sky has strongly favored the
detection of the stream. In the case of a massive
cluster, having a much higher internal velocity dis-
persion, the debris would probably spread out in
a much wider stream and thus be more difficult to
detect. Another favorable circumstance is the fact
that Pal 5 is presently located close to its apogalac-
ticon. This means that the distribution of the de-
bris has the smallest possible angular dispersion
along the orbit and therefore shows a relatively
high density.

7.2. The tails and the orbit of the cluster

It was demonstrated that the arc over which the
tidal debris has been traced is now sufficiently long
to recognize the intrinsic curvature of the stream.
Since there is very good reason to assume that the
tails are closely aligned with the orbit of the clus-
ter the curvature of the stream reveals the local
curvature of the cluster’s orbit. This is a remark-
able point because curvature means acceleration.
Direct measurements of the Galactic gravitational
acceleration of an individual halo star or star clus-
ter in the sense of observing a non-linear change in
position or a change in velocity over time are for
technical reasons totally out of reach. Therefore
the curvature, and also the bipolar and S-shaped
structure of Pal 5’s stream of debris provides one of
the first occasions where the acceleration of a halo
object by the gravitational field of the Galaxy is
directly visible. A considerable drawback however
is that the tidal stream is known only in projec-
tion on the plane of the sky. This projected view
provides clear evidence that the acceleration of the
cluster is non-zero, but does not yet allow to derive
a useful constraint on its specific value. To achieve
this the observations would need to cover a major
part of the cluster’s orbit or one would require pre-



cise information on the tangential velocity of the
cluster or on the variation of the distance or the
kinematics along the tails. As an example, we de-
termined the best-fitting orbits in a spherical log-
arithmic potential and showed that measuring the
absolute proper motion of the cluster on the ac-
curacy level of 10 pas/y would allow to estimate
the local circular velocity to about 2%. This is
similar to the conclusion drawn by Johnston et al.
(1999b) from a study of simulated tidal streams.

Using different Galactic models and selecting
orbits that optimally fit the tidal tails, we found
that the cluster must be near its local maximum
distance from the Galactic center and that there-
fore, the galactocentric as well as the heliocentric
distance along its orbit varies by no more than a
few percent over the length of the tails. This is in
full agreement with the photometry, because color-
magnitude diagrams show that there is no system-
atic difference in apparent brightness between the
tidal debris and the cluster of more than 0.1 mag.
On the other hand, it turned out that the peri-
centers of the cluster’s orbit must lie in the inner
Galaxy, namely at R < 7kpc. This means that its
orbit is rather eccentric and that the cluster must
have repeatedly crossed the Galactic disk near or
inside the solar circle. Since such disk crossings
at small galactocentric radii lead to strong tidal
shocks this provides a convincing explanation for
Pal5’s heavy mass loss.

Of particular interest is the fact that the next
disk crossing, which will happen in about 100 Myr,
is predicted to take place at a galactocentric dis-
tance < 6kpc, causing a very strong tidal shock.
Given the small amount of mass that is left in
the cluster and its low spatial concentration, one
must suspect that this event will trigger the total
disruption of the cluster. Dinescu et al. (1999), us-
ing formulae for the destruction rates due to disk-
and bulge shocks as developed by Gnedin & Os-
triker (1997) and orbital parameters determined
from measured proper motions, derived a theoret-
ical estimate of the destruction time of 0.1 Gyr for
Pal 5. This is identical to our estimate for the time
until the next disk crossing. On the other hand,
the original paper by Gnedin & Ostriker (1997)
gave estimates of the destruction time for Pal5 of
either 1.1 Gyr or 46 Gyr, depending on the model
for the Galactic potential. These time scales are
too long in view of what is known about Pal 5 now,

and must have resulted from a very different model
for the cluster’s orbit.!* This demonstrates the
importance of reliable individual orbital data for
clusters like Pal 5 since such data can place much
stronger constraints on the dynamical evolution of
these systems than purely theoretical analyses.

7.3. The surface density in the tails

The surface density distribution of the stars in
the tails shows some important peculiarities:
(1) The distribution is clumpy, i.e., there are a
number of density maxima and minima in each
tail. While the density variations in the leading
tail are moderate and not necessarily significant
(i.e., they could still be the result of statistical
fluctuations) the trailing tail shows at least two
strong density maxima and one gap, where the lo-
cal density deviates significantly from the mean
density level. Although disk shocks, which are be-
lieved to be the primary cause of Pal 5’s mass loss,
are likely to modulate the instantaneous mass loss
rate, it is implausible that the observed clumps are
due to this modulation because the density vari-
ations would then need to occur symmetrically in
both tails. Also, such variations should preferen-
tially be visible near the cluster while at larger
angular distances they should be washed out by
the differential drift between stars of different or-
bital energy.

The region of maximal stellar density in the
trailing tail lies at arc lengths between 2°3 and
3°7 from the center of Pal5. According to the re-
sults from §6.1 the mean rate of apparent drift of
the tidal debris is 0931/100 Myr. Thus the stars
that form this broad density clump are expected
to have escaped from the cluster in the interval
between 740 and 1190 Myr ago. In §5.4 we found
that during the last 1 Gyr the cluster crossed the
Galactic disk five times, and three times thereof
at small distances from the Galactic center. The
latter occurred 140 Myr, 480 Myr, and 740 Myr
before present. If these inner disk crossings pro-
duce overdensities that can be observed as distinct
clumps in projection on the sky, then one would
expect to see one such clump close to the cluster
(A & 0°3) and two clumps - or perhaps one broad
clump from the merging of the two - at arc lengths

14Note that these authors used random values for the clus-
ter’s velocity components perpendicular to the line of sight.



between 195 and 2°3. This does not correspond to
the observations. In order to achieve some kind
of agreement one would need to assume that the
drift of the debris is in fact 50% faster than de-
rived from the radial offset between the tails and
the orbit of the cluster.

It may seem intriguing that the major density
enhancement in the stream is near the apogalac-
tic point of the cluster’s orbit. Nevertheless, the
fact that a stellar stream gets compressed near the
apocenter (because the angular velocity is mini-
mal at this point) cannot explain this local en-
hancement because the angular scale of the ob-
served feature (less than 2°5 when viewed from
the galactic center) is much too small. One could
speculate that the density variations in the tails
might come from scattering by small-scale pertur-
bations of the Galactic potential as produced by
spiral arms, molecular clouds, dark matter clumps
etc. However it has not yet been demonstrated
that such perturbations can indeed generate the
observed features. We note that such perturba-
tions would certainly need to be much weaker than
those in a dark halo of massive (=~ 10°M,) black
holes because encounters with such massive com-
pact objects would have destroyed the cluster -
and most likely also its tails - on a very short time
scale (Moore 1993).

One might also think that the broad density
enhancement in the trailing tail could be related
to the cluster M 5 since it is uncomfortably close
to it on the sky. But a dedicated search for debris
from M5 (using a proper color-magnitude filter
for this cluster) yields absolutely no evidence for
an extended distribution of M5 stars that could
overlap with the tail of Pal5.

(2) Apart from local variations, the radial pro-
file of the stellar surface density at » < 20’ declines
like a power law with an exponent of —1.2 to —1.5,
which means that the linear density along the tails
decreases slowly with increasing distance from the
cluster. How does this compare to the results of N-
body simulations of stellar systems in Milky Way
like potentials? Combes et al. (1999) show density
profiles for two of their simulated clusters and find
that at radii » > 7, the volume density of debris
stars decreases like 7%, hence the surface density
decreases like 3. This is clearly a much steeper
decline than the one we observe. In contrast to
this Johnston et al. (1999a) show surface density
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profiles of simulated globular cluster-like systems,
in which the unbound outer part has a much shal-
lower decline that is almost like 1/r. As these
authors point out, such a 1/r decline can easily be
explained if one considers the very simplified case
of a cluster on a circular orbit, which looses mass
at a constant rate and with constant energy off-
sets. Our observations are not extremely far from
the simple 1/r case but do not match it exactly.
More recently Johnston et al. (2002), presented a
series of simulations, in which the obtained radial
surface density profiles that show a wide variety
of logarithmic slopes in the outer part. They re-
port values for the power-law exponent v between
—1 and —4, and show that the result depends to
some extent on the parameters of the orbit and
the orbital phase. Even for an almost circular or-
bit they find v to scatter between —1 and —3.
For very eccentric orbits their simulations seem to
predict that ~ is mostly below —3, in particular
at the apocenter. However, the system parame-
ters (mass,radius) and the orbits that were used
in these recent simulations are actually more rep-
resentative of dwarf satellites than of clusters like
Pal 5. The conclusion from this comparison is that
different simulations predict a wide range of pos-
sible power law exponents for the debris and that
our observed values of 7 lie in the upper part of
this range.

The fact that in both tails the observed surface
density profile is somewhat steeper than the simple
1/r may indicate that either the angular velocity
along the orbit increases with increasing angular
distance from the cluster or the (orbit-averaged)
mass loss rate has undergone a secular change.
The variation of the orbital angular velocity must
certainly enter the game on larger scales but can-
not have a significant impact on the present results
because the arc length of the tails is too short. We
are thus left with the possibility that the mean
mass loss rate may have steadily increased or that
the mass loss process may have suddenly set in
not much longer than 2 Gyrs ago. In the latter
case an outward decrease of the linear density of
the tails could result from the fact that the tip of
each tail would only contain stars with the highest
energy offset from the cluster, which should occur
in low numbers, while at smaller angular distance
from the cluster one would find both, stars with
smaller energy offset, which should be more nu-



merous, and also stars with higher energy offset,
which were released from the cluster more recently.

Indeed, the traces of the trailing tail disappear
before the tail would reach the edge of the ob-
served field, and it is unknown whether or not the
stream continues and reappears with significant
density farther out along the orbit. If so, there
would be a gap or a section of very low density
with an arc length < 1°, that would need to be
explained. If not, this would imply that the mass
loss history of Pal5 underwent an abrupt change
about 2 Gyr ago and that the mass loss rate in the
earlier phase was much lower than in the recent
phase or even zero. This would certainly require
a fundamental change of the cluster’s orbit.

One possibility would then be that Pal5 came
from outside the Galaxy and was accreted by it in
a merger event with a smaller galaxy. This merger
event would need to have happened fairly recently,
and the cluster would have been accreted as a sys-
tem with a mass of only 1.5 x 10*My. As we
will discuss in §7.7, an association of Palb with
the Sagittarius (Sgr) dSph galaxy is very unlikely.
From statistical studies there is evidence for fur-
ther halo substructure, i.e., possible great circle
streams of outer halo satellites (e.g., Lynden-Bell
& Lynden-Bell 1995, Palma et al. 2002), which
might be a hint on former merger events. How-
ever, based on sky position, distance, and radial
velocity, Pal5 has not qualified as a possible mem-
ber of any hypothetical stream in these studies.
Since not all of the satellites may in fact belong to
such a stream, an association with an individual
satellite needs not necessarily be obvious through
great circle alignments. In this sense the question
of whether or not Pal5 is likely to be associated
with one of the dSph satellites remains open be-
cause there is currently no well-constrained orbital
information on most of these objects.

As another possibility we mention that the or-
bit of Pal5 could have changed drastically through
a close encounter with one of the Milky Way satel-
lites. Since the present orbit of Pal5 is unlikely to
reach beyond galactocentric distances of 20 kpc,
the only known candidate for such an encounter
would be the Sgr dwarf spheroidal. However such
scenarios are highly speculative. It is thus very
important to learn more about the spatial extent
of the stream.

(3) Overall, the stellar surface density in the
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leading tail is on a lower level than in the trail-
ing tail. This is surprising because the symmetry
of the tidal force field suggests that the distribu-
tion of tidal debris should - at least in the vicinity
of the cluster - be symmetric with respect to the
cluster center. Both, orbit calculations and the
analysis of the photometric data have shown that
variations in the line-of-sight distances cannot be
responsible for this effect. One may thus wonder if
the star count results could be influenced by vari-
able interstellar extinction. In Figure 14 we show
the surface density contours of Pal5 and its tidal
stream overplotted on a grey-scale map of inter-
stellar extinction derived from the reddening data
of Schlegel, Finkbeiner & Davis (1998). Although
integrated Galactic foreground extinction correc-
tions do not necessarily hold for stars within the
Milky Way because they are integrated along the
entire line of sight, we believe that this only leads
to small errors for a cluster as distant and as far
above the plane as Pal5. Another possible effect
is the dependence of extinction on stellar temper-
ature (and thus color) as discussed in Grebel &
Roberts (1995). Considering our filter choice and
color range, this should amount to at most 0.02 to
0.03 mag uncertainty, which is negligible for our
purposes.

Figure 14 reveals that there is indeed significant
variation in interstellar extinction over the field,
as was already mentioned in §2. One notices that
the leading tail is located close to the region of
enhanced extinction but fortunately does not run
across this region. This shows that there is little
reason to assume a significant impact of extinction
on the measurement of the stellar surface density
in the tails. If enhanced extinction played a role,
it would result in a loss of faint stars close to the
detection limit. While the definition of our sample
already involves a magnitude cut-off at ¢* = 21.8
well above the limit, we tentatively increased the
cut-off by an additional 0.5 mag, thus restricting
the sample to ¢+ < 21.3. It turned out that the
resulting surface density distribution is similar to
the one for the larger sample and maintains the
same overall imbalance between the leading and
the trailing tail. It is therefore clear that the over-
all difference between the number counts in the
two tails is not the result of variable extinction.



7.4. The luminosity functions

We showed that the luminosity function of the
stars in the tidal tails is in very good agreement
with the stellar luminosity function in the cluster.
This result is not self-evident, although it nicely
fits the idea that the tails consist of stars from the
same stellar population as the cluster. As briefly
noted in previous sections, a deep study of the core
of Pal5 using the HST (Grillmair & Smith 2001)
has revealed that the luminosity function of Palb
is relatively flat. This means that there is a strong
deficiency in low-mass stars, at least in the core of
the cluster. If this deficiency is a consequence of
tidal mass loss (in combination with mass segrega-
tion), as Grillmair & Smith suggested, one would
expect to find a corresponding overabundance of
low-mass stars in the cluster’s debris. The lumi-
nosity functions should then actually be different.
However, the flattening of the luminosity function
shown by Grillmair & Smith becomes effective at
absolute magnitudes M; > 5mag which is below
the limit of our analysis of SDSS data. Therefore,
even though we find that the luminosity functions
of the tails and the cluster agree down to the limit
of this study, it seems likely that they will diverge
when probing the stellar content of the tails at
fainter magnitudes. If so, the higher fraction of
low-mass stars in the tidal debris will contribute
additional mass to the tails. This means that our
current estimate of the mass ratio between the
tails and the cluster (§4.1) provides a lower limit
while the true mass ratio may be somewhat higher.

7.5. The mass loss rate

We showed that the transverse offset between
the tails and the cluster can be used to estimate
the time needed by debris stars to drift away from
the cluster by a certain angle. This leads to the
conclusion that the tails in their currently known
extent represent the cluster’s mass loss from es-
sentially the last 2 Gyrs. The result of our nu-
merical experiment on the drift of debris along
the cluster’s orbit, which is shown in Figure 11,
confirms this time scale. It follows that the mean
mass loss rate of Pal5 in this period was about
0.7(+ 0.2) times the present mass of the cluster per
Gyr. However, these estimates involve a number of
approximations and simplifying assumptions. In
particular, it remains to be investigated whether
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the fact that stars are actually distributed over
a range of velocities and positions when escaping
from the cluster leads to a substantial bias in the
above estimates. For more definitive results ac-
curate modelling of the details of the mass loss
process are needed. Thus N-body simulations of
the system under realistic conditions need to be
performed.

A simple extrapolation with the present mean
mass loss rate shows that the cluster may ini-
tially have had a total mass of between 6 and 10
times its present mass. Obviously, such an esti-
mate depends on whether the cluster maintained
the same mean (i.e., orbit-averaged) mass loss rate
over most of its lifetime. For time intervals in
which (1) the Galactic potential was the same as
today and in which (2) the cluster followed the
same orbit as it is today, one can indeed expect
this to hold true. However, the observed decline
of the surface density of the tails with increasing
distance from the cluster warns us that the mean
mass loss rate might in earlier times have been
lower than it presently is. For clarifying this issue
it is important to find out whether or not the tails
extend to larger distances from the cluster.

7.6. Tangential velocity versus proper mo-
tion

The condition that the local orbit of the cluster
needs to fit the location and curvature of the tidal
tails allowed us to determine the vector of the
tangential velocity of the cluster in a completely
new manner. It is interesting to see whether the
tangential velocity obtained in this way is consis-
tent with the measured absolute proper motion
of Pal5. Dinescu et al. 1999 report the proper
motion of Pal5 measured by Cudworth (1998, un-
published) as p cosd = —2.55 £ 0.17mas/y and
s = —1.93 £ 0.17mas/y. The quoted proper
motion error corresponds to 19 kms~! per com-
ponent at the distance of the cluster. If one trans-
forms the above proper motion into the galac-
tic rest frame using d = 23.2 kpc and the ve-
locity components of the Sun specified in §5.2
one obtains a tangential velocity of 137 kms™!
with position angle PA = 300°. Thus the di-
rection of the cluster’s tangential motion derived
from the measured proper motion differs from the
direction given by the tidal tails by 20°. The
absolute velocities show a difference of about



40 kms~!. Alternatively, one can do the inverse
transformation, assuming a tangential velocity of
v, = 90kms™! or v; = 95kms~! with position
angle PA = 280° as implied by the fit of the lo-
cal orbit. This yields predicted proper motions
of g cosd = —2.01mas/y, us = —2.03mas/y, or
locosd = —2.05mas/y, us = —2.06mas/y, re-
spectively. Comparison with the measured values
shows that the declination component agrees well
with our predictions within the quoted error while
the right ascension component deviates from the
prediction by about 30 or 0.5 mas/y. Although
this looks like a significant difference between the
two completely independent determinations of the
cluster’s tangential motion, a proper motion dif-
ference of 0.5 mas/y is actually not unreasonably
large and could be explained by an underestima-
tion of the measuring error of the proper motions.

7.7. A former member of the Sgr dwarf?

Based on position, radial velocity and rough
proper motion data, some authors have argued for
a possible association of Pal5 with the Sgr dwarf
galaxy (Lin 1996; Palma et al. 2002, Bellazzini et
al. 2003). Palma et al. classified it as a possible but
unlikely member of Sgr, because the pole families
were similar but orbital energy and angular mo-
mentum were found to be different. Bellazzini et
al. argued that Palb lies relatively close to the or-
bit of Sgr as given by the model of Ibata & Lewis
(1998), both in position (x,y, z) and in the plane
of v, vs. R. The impression of a good agreement in
radial velocity v, is however fake because one gets
this only by associating the cluster with a wrong
position along the orbit of Sgr. In reality, the ra-
dial velocity of the orbit of Sgr near the position
of Pal5 differs from the radial velocity of Pal5 by
about 100 kms~!(adopting the model of Ibata &
Lewis). Thus there is some accordance in position
but not in kinematics.

The tidal tails and the cluster’s local orbit that
we derive from it allow a much more robust com-
parison and strengthen the evidence against a for-
mer membership to Sgr. While the orbit of Sgr
is almost polar, that of Palb is clearly not so.
Hence Palb does certainly not orbit in the plane
of the Sgr stream. The local orbit of the clus-
ter crosses the orbit of Sgr at a large angle (com-
pare our Fig. 12 with Fig. 1 of Bellazzini et al.,
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but note that the orientation of the y-axis is in-
verted). Thus not only the radial motion, but also
the tangential motion of the cluster is clearly dis-
cordant with the orbit of Sgr. The space velocity
vectors of Palb and of the orbit of Sgr enclose an
angle of 108°. Another argument is the strong dif-
ference in apogalactic distance. We showed that
Pal5 is almost at its apogalacticon and does cer-
tainly not reach galactocentric distances of more
than 20 kpc. The orbit of the Sgr dwarf how-
ever is thought to have apogalactica between 50
and 60 kpc (see, e.g., Dinescu et al. 2000, Bellazz-
ini et al. 2002). This reflects a large difference in
specific orbital energy. Thus, former membership
in Sgr would require that the cluster lost much
of its orbital energy after the departure from its
host, which would be difficult to explain. This
shows that apart from an approximate positional
correlation with the orbit of Sgr, which can be a
coincidence, there is little reason to assume a con-
nection between Pal5 and the Sgr dwarf. On the
contrary, our results on the cluster’s orbit make
it rather unlikely that Pal5 originates from this
dwarf. This also holds if one considers other mod-
els for the orbit of the Sgr dwarf, e.g., by Helmi &
White (2001), Johnston et al. (1999c¢), or Gomez-
Flechoso, Fux & Martinet (1999), since all of them
are polar. However, this does not exclude the pos-
sibility of a close encounter of the two systems by
which the orbit of Pal5 might have been deflected
(see §7.3).

8. Outlook

The tidal stream of Palb opens a new and
promising way to constrain the gravitational po-
tential in the Galactic halo. Detailed information
on the orbits of individual halo objects like Palb
or the Sgr dSph from their tidal debris can in prin-
ciple produce much more powerful constraints on
the Galactic potential than classic statistical ap-
proaches. We showed that with the current po-
sitional data for the tails of Pal5, which cover a
limited range of orbital phase angles, the orbit of
the cluster is not yet uniquely determined by the
observations alone, and conclusions on the Galac-
tic potential can therefore not yet be drawn. How-
ever, this will change drastically when kinematic
data for the tails are added to the analysis (see,
e.g., Murali & Dubinski 1999). Precise proper mo-
tions could be very useful, but will remain un-



available until future astrometric space missions
like SIM or GAIA are flown because very high ac-
curacy is required. On the other hand, precise
radial velocities for giants stars associated with
Pal5 are within reach of today’s 8-10m class tele-
scopes. Another approach is to measure main-
sequence turn-off stars, which are more numerous,
but much fainter and hence can only be observed
at lower spectral resolution. An observing pro-
gram to obtain radial velocities of candidate gi-
ants along the tails of Pal5 has been started on
the VLT. We expect that the results of this pro-
gram will allow us to break the degeneracy in the
determination of the cluster’s local orbit and allow
a direct measurement of the gravitational acceler-
ation in the Milky Way halo at a galactocentric
radius of 18 to 19 kpc.

A major open question is how far the tidal
stream continues and what the full time span of
the mass loss history of Pal5 thus is. This can be
clarified with targeted searches for further tidal de-
bris from Pal 5 along the arc outlined by our model
of the cluster’s orbit. If the stream can be traced
farther out, one should at some point also discover
a substantial variation in the heliocentric distance
of the stars. Hence such detections would not only
provide information on the mass loss history, but
also provide further important constraints on the
orbit.

The fact that we see Palb while it is only
about 100 Myrs away from its complete disrup-
tion, makes it very likely that there have been
more clusters of similar type, which dissolved dur-
ing the last few Gyrs. This provides observational
support for the common conjecture that the Milky
Way’s globular cluster system was originally much
richer in low-mass cluster than it is today (see Fall
& Zhang 2002 and references therein). Since the
tidal stream of Pal5 is at least about 2 Gyrs old,
tidal streams from other low-mass clusters that
dissolved recently may also still exist and be ob-
servable. Without the presence of a parent object
such streams are of course more difficult to find.
On the other hand, the detection of anonymous
streams that are left-overs from globular clusters
would provide important information on the evo-
lution of the globular cluster system of the Milky
Way and also provide further possibilities to probe
the Galactic potential. The SDSS presents an ex-
cellent data base to search for such cluster rem-

26

nants.

Acknowledgements. Funding for the creation
and distribution of the SDSS Archive has been
provided by the Alfred P. Sloan Foundation, the
Participating Institutions, the National Aeronau-
tics and Space Administration, the National Sci-
ence Foundation, the U.S. Department of En-
ergy, the Japanese Monbukagakusho, and the
Max Planck Society. The SDSS Web site is
http://www.sdss.org/. The SDSS is managed by
the Astrophysical Research Consortium (ARC)
for the Participating Institutions. The Partici-
pating Institutions are The University of Chicago,
Fermilab, the Institute for Advanced Study, the
Japan Participation Group, The Johns Hopkins
University, Los Alamos National Laboratory, the
Max-Planck-Institute for Astronomy (MPIA), the
Max-Planck-Institute for Astrophysics (MPA),
New Mexico State University, University of Pitts-
burgh, Princeton University, the United States
Naval Observatory, and the University of Wash-
ington.

M.O. thanks Andi Burkert for fruitful discussions
and Don Schneider and the referee for comments
that helped to improve the manuscript.



A. Isochrone epicycle approximation for the logarithmic potential

Following Dehnen (1999) the isochrone approximation for the motion of a particle in a spherically symmet-
ric potential ® is obtained by transforming from radius R and time parameter ¢ to a new radial coordinate
x =+ R?+b? and a new parameter n with dt/dn = z. Hereby, the equation of motion changes from

d’R d L?

= —Y for Y:z(E—@(R))—W

a2 dR (A1)

to

d ~ -
77 = 7 for Y :=R*Y . (A2)

The quantity Y as a function of  is expanded into a Taylor series about its maximum using the first, second,
and third derivative. For the first derivative we have

ay do
- 2(E—®(R) —R— | . A
w = o2 -em) - rE) (A3)
Since the radius Rg of a circular orbit with energy E is defined by the equation
L? dd
2(F—®(R = —&5=Rp|—= A4
(- 0(Re) = g5 =Re(G5) (A1)

it is evident that the maximum of Y lies at the value of z that corresponds to Rg, i.e.,

dy
- = 0 at @ =uxp =/R% + b2 (A5)

Here, we focus on the special case of the logarithmic potential ®(R) = v? In(R/Ro). Eqn. (A3) then reads

dy

= (2B - Pm(R/R) — ) (A6)

The second and third derivative of Y are then

% a?
w5 = (2(E-vln(R/Ro)) —v}) ~ 2055 (A7)
Y ) T z?

The parameter b can be chosen such that the third derivative vanishes in x = xg. This requires
2 _ 1.

With this choice the 3rd order in the Taylor expansion of ¥ about xp vanishes and the error introduced by
truncating after the quadratic term is only of order 4. The location of the maximum of Y then is

tp = /3/2Rg (A10)

and the second derivative of Y at z = z g reads

d2y b2
— o2 (142 ) = 32 . All
<d$2>1E UC( +R2E') Uc ( )
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The expansion of Y (up to third order) yields the approximate equation of motion

Az d [ 3,

ol <_§vc (- fo) , (A12)

which is solved by a harmonic oscillation
x(n) = zg (1 + ecos (\/gvc 77)) . (A13)
Here, the zero point of the parameter n is (without loss of generality) chosen such that it coincides with

the apocenter & = Z,,4, For simplicity, we absorb the factor v/3wv. by setting 7 := nv3wv. Integrating
dt/diy = x/(v/3v.) from 7 = 0 to 7) = 27 one finds the period of the oscillation to be

TR = \/§7TR

E
Ve

(A14)

Evaluation of R at R = Rp yields R(R = Rg) = +3v.e/v/2 and, by combination with the equation of
energy conservation, provides the expression

V2 L?

1- — (A15)
3 v2R%

for the eccentricity parameter e. By integration of ¢ = L/R? the azimuth angle ¢ is

o(72) = \/%RLE/HTZ( (1 + ecosn) dij+ (i) - (A16)

1+ ecosi)’ -3

If radius R and absolute velocity v are given for an arbitrary instant ¢; the equation of conservation of orbital
energy in the logarithmic potential yields the parameter Rp as

Rp = R(tl)exp(% <”(t1)2—1>> . (A17)

2
Ve

Using this and knowing also the angular momentum L = R(t1)v, (¢1) the parameter e can be obtained from
Eqn. (A15). The value of 7 that corresponds to ¢; then follows from Eq. (A13) as

1 2R(t1)? 1
71 = arccos (E ( gRj(Q%) + 3~ 1)) . (A18)

Finally, by integration of dt/dij = z/(v/3v.) the time ¢ for arbitrary 7 is

b= [+ esin)’
= esin
\/gvc g ;

In this way the radial component of the orbit and the time parameter ¢ are completely and explicitly deter-
mined as functions of 7 for any given set of initial conditions.

+t . (A19)

m
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The density peak at position (229°0,—0°1) shows the cluster Pal5 while

the ring around position (229°6,4-2°1) is due to the cluster M 5 (central part incomplete because of strong
crowding). Weak traces of tidal debris from Pal5 can be recognized northeast and southwest of the cluster.
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Fig. 2.— Hess diagrams showing the normalized densities of the stellar population of Pal5 (a) and of the
field stars around Pal5 (b) in the plane of color index ¢; and magnitude ¢*, and the ratio of cluster to field
as a function of color and magnitude (c). In panels (a) and (c) the contour levels increase by factors of 2
from one contour to the next. Panel (b) shows contours on equidistant levels.
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Fig. 3.— Map of the surface density of stars that are photometrically concordant with the stellar population
of Pal5 (plotted in equatorial coordinates ra,dec). These surface densities were derived by least-squares
estimation as described in §3.2. The lowest contours show density levels of 1.50, 20, 30, and 50 above zero
(white). Pal5 is seen to be accompanied by two long tidal tails. The tidal debris covers an arc of almost 10°
(for further details see §4.1). The arrow attached to Pal5 gives an approximate indication of the direction of
its galactic motion based on the proper motion measurement by Cudworth (see §5.2). The arrow labeled with
b shows the direction of increasing galactic latitude. The patch of enhanced density around (229°6,4-2°1) is

a residual feature from the cluster M 5 and hence not related to Pal5. The dotted lines mark the borders of
the field.
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Fig. 4.— Linear density A of stars from Palb along the tidal tails of the cluster, obtained through perpen-
dicular projection onto the central line of each tail. The parameter A measures the arc length along the
central line of each tail, starting from the (projected) position of the cluster center. The density values are
field-star subtracted. The error bars indicate the statistical uncertainty of the data points. The dashed lines
mark the large-scale trend in the density derived by weighted least-squares fits. In panel (a) the line is a fit
to the five innermost and the five outermost data points, in panel (b) the line is a fit to all data points.
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Fig. 5.— Radial profile of the surface density ¥ of stars in Pal5 and its two tails (i.e., azimuthally averaged
surface densities) from weighted number counts in annuli and annular sectors centered on the cluster (for
details see text). For comparison, the open triangles show the radial density profile in two cones at position
angles 100° and 280° where the contribution by extratidal stars is negligible (data points shifted by —1 in
logY). The dashed straight lines indicate the slope of power laws with exponents —3.0 and —1.5.
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Fig. 6.— Hess diagrams showing the vicinity of the main-sequence turn-off in two different parts of the
tidal tails. (a) Color-magnitude distribution of stars in an 18" wide band (= FWHM of the tails) covering
the northern (trailing) tail between 3°5 and 5%6 from the cluster. (b) Same as (a), but for the southern
(leading) tail between 1°5 and 3°6 from the cluster. The solid lines show isodensity contours (300, 600, 900,
and 1200 stars/mag?, increasing with the thickness of the lines). The dot-dashed lines mark the cluster’s
main-sequence and sub-giant branch (derived from Fig.2a), including shifts of —0.2, 0.0, and +0.2 mag in
i*. Tt is seen that the stars in the northern (trailing) tail lie on the same sequence as the cluster, while the
stars in the outer part of the southern (leading) tail may on average be about 0.1 mag brighter in apparent
magnitude.
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Fig. 7.— Linear number density A along the southern (leading) tail as shown in Fig.4b, but with certain
magnitude shifts applied to the cluster color-magnitude template (see final paragraph of §4.4). (a): no shift
(b): after shift of —0.1 mag.(c): after shift of —0.2 mag. In each case the dashed line shows the best-fit
straight line through the data points.
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Fig. 8.— Luminosity function (LF) of Pal5 and its tidal tails from star counts in a color-magnitude window
comprising the cluster’s giant branch, subgiant branch, and upper main-sequence. Dots/solid line: LF of
stars within r» < 6’ from the cluster center. Open circles/dashed line: LF of stars in the zone of the tidal
tails, rescaled by a factor 100 to match the LF of the cluster in the range 18.75 < ¢* < 19.75. In both cases
a statistical correction for field stars was applied. The error bars show the statistical uncertainties of the

number counts including the uncertainty from field star subtraction. Conversion to absolute magnitude can
be done by M;~ =1¢* — 16.8.
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Fig. 9.— The tails and the local Galactic orbit of Pal 5 plotted in galactic coordinates [ cos b, b. Projections of
four different orbits, all with tangent towards position angle 280° at the center of the cluster, are overplotted
on the contour map of Fig. 3. Long-dashed line: Straight line (i.e., unaccelerated) motion. Solid line: Locally
best-fitting orbit in a radial field of constant acceleration a = (220 kms~1)?/18.5 kpc. Here, the cluster has a
tangential velocity of v; = 95 kms™! (galactic rest frame, but viewed from the position of the Sun). Dashed
and dashed-dotted lines: Orbits in the same field, but with v; = 110 kms~! and v; = 80 kms™!, respectively.
Note that a logarithmic potential with circular velocity v. = 220 kms~! instead of the a = const field yields
projected local orbits that are practically identical to those shown above.
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Fig. 10.— Relations between the circular velocity v, of a spherical logarithmic potential and the present
tangential velocity v; of the cluster Pal5 as well as the apocentric distance R4, of the resulting orbit. These

relations are obtained by choosing the orbit that best fits the observed tidal tails (see §5.2 and Fig.9). The

increase of v; as a function of v, is linear with a slope of 0.43. In order to determine v, to 5 kms™! one

would need to measure v; with an accuracy of about 2 kms™1.
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Fig. 11.— Snapshot of a simulated sample of test particles moving in a spherical logarithmic halo potential.
The particles were released along the orbit of Pal 5 at equidistant time steps of 20 Myrs over the time-interval
[—2;0] Gyr, with appropriate radial offsets in position and small radial as well as non-radial velocity offsets
from the cluster (for details see §5.3). The dots show the positions of the particles on the sky at ¢ = 0 as
seen from the Sun in galactic coordinates [ cosb,b. The line shows the local orbital path of the cluster (same
as solid line in Fig. 9). It is seen that the stream of particles is located parallel to the orbit.
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Fig. 12.— The orbit of Pal5 in the time interval from —0.65 Gyr to +0.11 Gyr, extrapolated from the local
orbit using two different mass models of the Milky Way. x,y, z denote right-handed cartesian galactocentric
space coordinates, with y being parallel to galactic rotation at the Sun and z pointing towards the northern
Galactic pole. Upper panels: Orbit in the Galactic potential from Dehnen & Binney (1998a; Model 2).
Lower panels: Orbit in the Galactic potential from Allen & Santillan (1991). Left: meridional plane (r :=
V2?2 +y?). Middle: projection onto y-z plane. Right: projection onto z-z plane. The present position of
the cluster is indicated by the black dot. The cross marks the Galactic center. The solid line in all panels
is for v; = 90kms™!, the dotted lines in the middle and right panels also show orbits for slightly different
tangential velocities of v, = 80kms™! and v; = 100kms~!.
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Fig. 13.— Transverse offset between the tails and the orbit of Pal5 in the plane of the sky. The histograms
show the weighted number of stars in distance bins perpendicular to the solid line of Figure 9. The upper
histogram is for the trailing tail, the lower one for the leading tail. The dashed lines are best-fit Gaussians
used to determine the centroids and widths of the distributions.
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Fig. 14.— Grey-scale map of interstellar extinction in the g band based on the reddening data of Schlegel,
Finkbeiner & Davis (1998). The different grey scales represent extinction values A, from 0.15 mag (lightest
grey) to 0.75 mag (black). Overlaid are the contours of the surface density of Pal5 stars shown in Figure 3.
The arrow labeled with b indicates the direction of increasing galactic latitude.
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